




'.Il-avel-time seismic invers ion for a 
numerically-defined shape 
St.John's 
J"d P. KOOI)'~ 
S<:hool ofGn"jnateSt."di{ll! 
in partial fulfil,,"'nt of the 
.\lasterof Sele/lce 
LkpII"", ... ntof Em1" SrienCf'S 
1I1cmorial Uni"f'r.,ilyof Nf'wfoundb",d 
.'1f',do,'ndland 
Tmvd tillle tOlHogmphy calcul!lliolls ill"olving 3D \"I.'locit}' lII{)(I,'L~ h"", I .. ~ 
con,e more common pl ac<J during th,' 1m>;1 d~"Cadc Or so. Numerous lIIelh· 
{)(I~ hav<J I"~'n d<J\1"lopl"tj to rot-.., Ihe rl'qu in."ti fOT"';ord ",{)(Iding prohl""H 
ofbouudary ,,,h,e ray lraeingin 3D. Porlhisprohl ... m.wu ...... ,a"'ln"'·iv,·, 
p06ilion, nrc knov.·" :",d Oil ... or 1110'''' tim ... path~ arc wught l)('h"N'" til<) 
fixl,,1 end poinls. U "!<>I atteulio" h:" lx"l'lI givell 10 Ihe approa<'h to m{)(I~1 
pma""'tri,.alion . l'radilionally.lhcmodel h",,i.eeu,ulxiividl'(iintOCOlIsI:,,,t 
w.'locilyttlls.n pnx·tNlkno":tI as,·oxcilationorcdluiarp"rlitioning. A n,"w 
6PI"oa<.'h to model p"mmdriz"tion iu\"Oiviug mUllerically oon,tructing th~ 
hOllud",y of n homogcucoub but.;urfl.rc geological fcatu'~ is p,ol>O!!<'(1 h,',e 
nnd m, efficicnl method for trac ing rays through this ",{)(I~I i~ 1'''05<,,,1 .. ,,, 
T he my Ifn<;in" prohl .. l11 is ",,1\"01 by obtainill& the miuimulll trawlliuw 
pnlh from" fix .. ,,1 sonrce to" lixl,() 'l.....,i"'T. and its ilSSO<"iat....:) rra\"~1 lim~. as 
rhesolmionloanoniincnroplimizmionprohlcmb;""-,,louFerrn,,( 's prilleiple 
The im-crsion tl"ChlliqllC will be Tl'gult,let) by using rh ... a'<'a. l)('rilllct..'r and 
the tolal di.~lan~ .. from ('~ .. h ",rtex 1o the ~..,nler of tlw mUllericaUy deli"",) 
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The "'ord '/"OtrU)(J"dllhy is deri'ed fro", th" Greo:k "\01"06" (S('("lion) ~lId 
"graphe;,," (to write) ami lI",allS " pict",e of " ,:r<Nr",-U;Oll of all ()hj~'Ct 
III I'raCI;l.." t he I"flll dl'IlOtCS delcrm;n;ng the ju«ornal propert;,,,, of all ob-
j(~t from '·XlnllalIllP"""rn ,,·nt_~ by using my" 1.h"" h","" 1>IL" .. ,,~ l lhr()lIgh th,) 
ohjt'ct (Shpriff !..- r:dd"rt , lfl'Xi) . X-m" t mnor;mphy has l"",,, " ""'\ for SOIlIl' 
t;ml' iUIl Ll'<.lica ) l'xmuiuati,,"s Il!ld lIo11-d l.,.tn'l'tiw I,,,(in)!, (ShNitf & Gddart , 
1995). The mlllp" t~'r a,s,;ist«l tomography (C,\'r~scall) t<X1miqu(' liS<" ,,00-
ri .. , o f !\n)-dim(,ll~i(}n,,1 X·ray imag"" taken awum) "single axil; of ro\"t;Oll 
to gencrate u Illfl't-'-<iimcllS;O"") i",agc of t he insi,icof Ull abjl'C\ (Shenff k 
by ' mllslllittillg "cry large lll""~r" of scismic my,; through thelll (Kc",,,y 
et "I., :l{jfl). Th,' met hod IImrow,,,i it.." nil"''' fro", th,' mc<iiclll u,<:l",oiogy 
lIS('(! for ima"i ng the inwrnal orgaJ~" of a In" nan hody. The ,..,"",ic i",agi ng 
method. IJOwe,'{'[. was d""clop,,,1 indcp<'lldeiltly of th" ",('(h~~ 1 ro", ,,,,,,,ity 
~lUl ill fa.~t was originally calhl the ":ID inwrsion '\] cthod" in the "',,u,o-
logical community nutil the "arly 1!l80s (lye, I.: i!iruh",a, 1!l!l3). Tit., fir"t 
sei81l1icrOlllogr~phy!'(ll!u)tw!'."I'<)portedatlh"Wi4Fallml"'lillgofll"';\1IIl'T' 
ic~" G,~php,ieal Union (lyeT k I/ ira)",ra, 1993), The Slu(h inw~tigllle<.1 the 
subsurface siruciure beneath th~ 5:", Andre,,"" fAnlt, Sysll'lH. Within II. kw 
yean;, the method "1\S )('ing ~ppli(~l to <Intn from ~rou"d the world a(({1 has 
eonti(l(l('d to d,)\'c!oprnpi<lly ((I,tolhe prcscmday 
Seismic horehole tomogmphy iu\'ol\"(,,; Ihe IlWI\SUI'CIHCnT oftr~\'el tin"'" 
oct"":,,,-'n IWO or 1U01"(' hor~hol "!. Data is collccl<~1 using OI,e hole for the 
srisru ic w ur,y ~'Id m~l!.S\lrin f; firS1_nrrivallim"" u,illg slrin"" of gl'Opholl'"S 
(r<'Cci\'crs) in (hc o(h~n;. Tra\'el tim,,,, ~re mllc.:ted at regular ill\cT\1.ls 1I11 
the way down the hole(s) for each shot po;itioll. ,\ ,ill'ple eXAmpl ~ i" shown 
in Fig((rei.l.whel'<'onlya limitcdsnl_tof ray I",tl", i>ish()\\'u 
]flhe interun]sl f\1ct((rcandphj'~icAI propertil'Soflhe Eanh "W(' known 
proxisely, the ulIOgnirudeof any parTicnl"r g(~,physical mca,,;nren,cllt could l>e 
prl,<l ict<~] nniq'''']),. T]n.,;. for example. il wou ld IX' I~ibk' 10 pmlict th .. 
tra\'cltimcof " seislnicw:l\'cua\·t'i ing 1hroughan ml(Hn,tlol.,; snb;urfateore 
de]>,,,,iLlng''Ophysical snr\'eyi ng thcproblel,,is lheoppoo;iteofthe ah",.." 
n"""'ly,IO,hlu""s(}u,e''''I><.'Ctofth"E;,,th'silll ernfllsfrue(ur~on fhehasi." 
of gf'Ol,hysica) lHca.~nrn"mt.~ IAken at (or ]I(~ar) th" E;"th's surf:~ (Kenre) 
"t " I. . 20(2), The former Iypeof probl"lH is known M" dm,c/ problem. 
thelal1('rMan ;""<)r"eprohk",, Di"..,t problems are thcor('1ir" Uy ral",hle 
of an ,,,,,,,,,biguous solution bUI juw:'1"S<' proble)l,s suff~r from "n inher"n! 
non,unique".."..in th" ",,,,ch.,;ious thaI ca" bcdrawrr (Kearcyel al., ZOOZ) 
Figure 1.1 : [dea[i,,~[ ob;c,,",,,;oll ""he",,, ro, " s;IIIpl" bo,ehole se;sIII;e 
tn"..,,,,;,,,,;on tOlllography"un"eY. ma"kdot"III",k ,eo:.-e;vcn;, r(~1 c;rdcsHlark 
HOur~-.,,;. Fordar;ty, only th" "'Y pmllll fro", Olle oourcc to all ft.'C<:iw", {solid 
blue Ii",,,,), and all !jOn,,,,,,, to 011" ,~"tti,,,, (d,,,,hL~1 block Ii",,,;) are sho,,"l1 
(Aft", Kea"Tdal. , 20(2) 
an<iphysi"nlpropertics(,·docityilll" .. !ic1l1ar)of!ioerocksbeingin\"{'»!igated 
and nrc the ["",;c ,btn n",~1 fo, imerp,,,!,,ti,,u. It is pto;8;ble!o tum theo;e 
",ea.~nre''''~nts on their hends, that ill. i"''''t the"" "",I ntract iufo"ua!ion 
about rock prop'~r1 i." l)I)t.""""" ho.ehol." , The "",u lt ing i"n'",i,,,, P'Odlll-"'; n 
wlocitymodd,e"ahlingthei,1ent;fic"t;ollofauo",,,lo"""e[ocitywllt",lying 
i, thc,dore o[potent ial in a wide mugeofcxpJoJ'atioli "lid enginC<'ringap_ 
plications ("carey et a l. .1(02)_ A~ wi th many gmphy><iOlI mctho<k it <'ml 
aloob<> appli!'(1 ml " ''ll.ri!'!,yof"1mtial,..,,,]u;. [WIll mllgcsoflll!lldrcd~ofTlle-
l.r,.,;, dOWll to enf'} m",riug or arl'haeological i n"':,,;tiga t i on ~ of , ing1,· ro] nnms 
iu aucicm lnlildiug" (Canl"rell i k ,"ard is . 2t.K.l1) . h, th is th",is . ""ismi" b()[(~ 
hol~ tomography will he 'L,,~ l to i"'"L'Stigate a syulheli c see r"" ;o ill\'olving 
sul.Hlrface "olcanogcnic ma.s~i v .. snlphid,,(V\lS)oredq)l,.,its 
AlI imporLultfcatlUctoauytran·lt ill1c in,'cr.sion m~th()(1 is i1.s approach 
10 moocl paranWll'i~alion_ Thp standard approllch to nlodd paramd,ila-
t ionin\'o]"'Sdi,-idingnpthcuH,,,liUIll octwe...,n boreholes intocdls, aprO<'",," 
known a; \l~"d),.tiollor edlul"r p",titiollillg (S heriff & Cddart, 1~I'J5)(Fignrc 
1.2)_ Eaph cdl i" !L<;>;igmxl nIl iuitial ,..,i"lHic "e]ocit}' and the tim~ spcn t. by 
cuch ray ill cach C<"ll i ~ ca lcu]"t....-'L T he w lncity n .. <;>; iglU~1 to ""eh imlividual 
,,"d th ~ c&knln«'(l ones are llI inimi<.<'<.i. Alt hough !',clIcm l]y the nllmb .. rof 
oW·rn..tiotls is nmch larlwr t.han th .. mnubc, of cdls .md the problem is O'-"r 
ca nnot b<> d~wrminf'(1 ",,,I Ul/llly of thc tn",d path" Ilwy ha,·(' t r~\"t'rS<'(1 til" 
ocm ne Sllb><et of cdls 00 that th('ir individnal omtrilmtiolloc "aunot lx- sepa-
ru t",! (S),~riff!.- C~ld" rT . 19':J.~) . Th"", foctors lead to the ", Ilwaring'" of fhp 
,,,,,,, lting w locit,y "" xld 
III order to r<:etify thf' i&;I1'" I'I.'ilio"ia",d wit.h ~"lIl1lal partitiouillg. we 
~ '50 
Illm) 
of" coil",tio", of lil1<' "",!,;,llPIl1.' in 2D "wi trian~lliar fal'<-is in 3LJ (Figure 
1.3). Th~ position of each line segment is ddi,,<'d loy two wHiL"t"S ~"d each 
triangni~r far~1. by I.h ,,,,' . In both "'~"''''. the u\'crllll "hal-'" uf th~ ",odd Cfll ' 
b<:dl3llge.lby n ' ~ nipl , l"1.ing tlop pa;itioll ofth", .. , n,nil"";. iu3D, c,od, \'~nex 
i" ~ham:l oy nmltipic fat..,l;, ""d each fa<:~I, <:<lge is "Imr""i hy two facet.'. The 
Srismic ray trac ing from" som ec \.0 a recciw'r is a das:sic sei ~mologicfll 
pwokm. III order 10 wi,,,,, 001 h 1 h~ forw"rrl ~nd in",'"", ho,d",lc tOIll(l);raphj 
probl~m" in both 20 find :lO, the OllHpntm iull of ray pmhs alld (ru,-el ti'lLco, 
I ~l 
iI. 
-"" .... ~ ... -
fIr~ required '" " first step. Tmuitioll"lly. t he problem of uadng ,ay" ),a. 
lK'Cu ]Jo;;;~'tl as It ~y"tem of firSI orrlN diffcrpnt i"j Nlllat iollS or " two ]lOiH! 
hou]j(lmy valu~ probleIll (Jacob, 1970; \\'t'><8(Ill, 1971: P"rpyra<'1, "I" 1980). 
In "shooti ng" met ho.-ls of raytraring, I!. [all of m~'" is ~hut from oue point 
ill d,,, d i" ,.-!io" of th" other. The ~"Onl"'( path and (wvel timp V) ron n('('! 
S\l~h ",,]ut iUIlO for two- lUld t hroo-uimpnsio",J med iH ",.' n' dcri",,,) !UOW 1hall 
III Y'''''" ago (Gubhiul< & Julia n. 1977) . ;'Bending" ll\~t hOllo; ofray!r",,;ng 
d iS8U"""'] hy Thud,.,r (l\kli) "t.art with 1lI1 initial. lllo;;;t likely inNrrect g\l~ 
for t he ray path. The ray path is 8UOO<IUf""tiy ocnt hy"lwrmrimtiollIllethod 
!lutil it sa li,fi";,, minimum t ,"wi limp ~rit er i()n 
W"Y"_ Generally. ",ore colllpliL"tl~lllll'dia reqllin· ,,,ore expe)l 8 i " ~ lind t ripky 
""heIlles t" fiIld tlw tnUlsit tilll""_ Vid"l~ (1988) pr<'Sf"nts " finite-different"<-
point. 
~re try ing to ""oi<l thp tradition"lnwth"d of ~,·llll lar partiti oning. 
"tmd;t;onal .... llu l"r suhsurf,,,,,, modd ('(JIlUl.illing over 1000 e<:lls. Through-
out the ")1[,.,;0, o£ an ;IIWIb;on, thn w loc;ly "",ign<'(1 to """h C<'ll i~ adj,,,,k.1 
until the ditf~r~llr~ h~twN'u the ol>5<'f\'"d "nd ~~lrulat<'(1 trawl litH.,>; are 
",i()imi~.<'<L Wilh swha lal'g" ,,,,mll<'rof'HoJd pBrameters (nmu"l)' tll!' \"t.,'" 
lo<'ity ;n clICh cell), th",,, williI<' many ditfpr~1lI ,,!'Iocitv comhi,,,,tion. th"t 
m;nimi,,' th" data and Ilnl~ provid" aoohl1 ion to th!' i",,'!'r8(' problrru 
The is..ue of 1I01l·"uiqll"uess ca" be dealt with by lII;nimizing """Ie ru",,-
as tHiuiu""" "Uuctllfe ;",'.,"";011. Of ~~Iual ;mj>ortallce, '";";U"'llI-"tructure 
i"''f'lbio" p'oc<'(lures g"""rally ar" robust alld r~liablt> 
I'bdi t ioual in ' pl eJrl~lIta ti ot l " of lII;n;lII,,,u-,,tructmc iun'''";OIl prU<.,,-~hln'" 
U>IC a sU"I-of-squa",s, or b, lIIe,,,u~ o{lIIodd otrudure, Thi" il< lK",," u",,, min 
illli,ing snch a Ill"a,,,,n' "",ults in a li n"ar s)'Strm to I", soh-cd. How",,,,,, th" 
modcls produ('('(l1.ypically ha'-ea ~1II,,"red-out, fuu}' charac1.er . Farquhar:;orr 
(2008) illlro<lllCf'!; a modilication ofth~ typital min i".um-stnrcluI'f' i"\'!'r~ioll 
algorithm (hat grll"rales blocky, pi""""' i8(' constant "anil mO(lds mor" con-
<iSlcnl wiTh our rcal or 1""cic\',~1 kllowhlge of Ihc s"hsnrface. Tl.r ".o<lifi,~1 
aiguritillll Uot",/, -tYl"' llle,.,;ur,-",ill thclIIe,,,nreofllloddstrllcturc;lIstclIdof 
t hn t.radit ion",] sm,,-of-S<t"""''''' or l~. IIICa."In' 
The purp""" of the work prt~nt<'(1 here is to apply ~ minimum stro wtu re 
im'Cfsion 10 ~ J[l,,,ld parmlldri,,~1 hy n )mm"ri('~lIy ddin,'d , nrfa,.c. This ""'-
fae" is "ot lixffi and its po,;itioll \\'ililot, UJalJipulate<.lthwughout th",x>urot· 
o{the im'C,"ioll, In order top",,,e,,t thcsnrf"t'C £w!lIturn;llg in,;ideo\lt,Il]>-
propriat.c lU",,,,,,,,," of nj()dd btmcture will beChOOS('lI, Theser<:gulariwl ioll 
parmll~ter" will illd ude the per irneU'r, Ih ~ ar~a and the "mn of r.lw di,tan"" 
from "f\f'h ,wt<'x w the lll,><id, "'Iller. The H""ltillg inn'lliion will be co",-
pun, ! to both ,,"l. and uon- I, minimum ~(rUCIlll'e in\('",iol1 of a (rfli)i( ional 
voxellMwrnodel 
,,",IOllla ly do." ,, ],.,twrjob reo)\'erillg sYllthetic datafwm a sharp, uuiform 
b"r,.,urfac<: feat"re than a Il li ninnnn_strllct llre IOlll()~""phi" "ppf(~,,:h . 1'h .. 
~Ylltll('li" dma i" COllbistellt with (he adu,,1 groiogy of an 01'(' dep(",il" No 
('fa tN! ff()m" f~"tnr~ with " smoothly varying velocity "",uming ~ dl'fi ned 
shapf'. 1'h~ resniting "l~orithrn i" iut"",l<x! to pHwide gt'<Jphy.i~ist.s wit b a 
mort' ~f'() I ,,~y-s]>f'<'ifir i m-~r"ioll tool t h" t olll-l",rfOrJll1< it s Imdiat i(mal COUt)-
Chapt.Prl 1I",;ill" wilh a di",,,,.,,ioll Oil t he ua<iitiouall, -t),pe\'oxella1.ion 
(1 11'11 .. )(1 , The fonmrd ""diuw,,,",'prohlclllsar('out liIK<lamillUmerou.Sl'x-
,,,,,ples ar,. pre9"" tt'<l . 'l' h" f"llowing ~hapkr d.,,,),, with ,-oxcUatioll usillg 
1 , -t Yjl~ meaSllTes, Chapter 4 int roduce" 2DlllllH<'li~all}' de ll l"'(! 8 urfar,.s_ di,.. 
cnSl' in~ ill <ldail thc forw,,", 'd ,md im"l"'-' problem._ Nu",erolls examples "r~ 
"howHaml thC>.e3recomp",ed toth~tr",l iTi ona l rd ll1lar"ppf(~,ch""to lllodel 
ViOl'" byoutli uing "ulller il'ally d~fil,..d s\l l'hct'8 ill 3D. Fill~ ny. t hp thesis ends 
with ClJapkr 6, whidl pro,-ides all o"erd~w of the re;ear~h presi'll1.'~1. 
Chapter 2 
2D Voxellation (l2-type measure) 
2.1 The Forward Problem 
T]",,,.,;sm;cray method isapplitable to high frl~tllenc}' sd'Hlit !xx!y ".'!Ln..; 
prop"gating illl"O'Hplex '-arying ,'dodt}' "1[11{"\Uro; ((;"n-""v, ZOCIl). I\ay-
tmrinl<> is t",,,..~l on Ihe Rpproximation th"t S<!ismic t'lwrg.r of iufilllldy high 
fnxlll ... "cy l ravcL~rro'''sonrC<''to''",iwrfon{)willg'' l raj<'Ctoryd''I''rlllilll~lby 
the myl racing eq\l~\iO"M (Vidal." 1988). Phy,ically. these ClltiAliolls dl~ril)/' 
how eIIe'g), ('()nti m K'S in thc NIH'"dinoction ,,"til it i" refracted by"docil) 
varintio"s_ 1< ]oddingthcclIl'Tg)' propagaliolllhrollgh"l)l('diUlHhyraytrac. 
ing c»n be <10"(' by solving th<..";(' '''lIl''li()]~~. which arc rd"ll~1 to the ,-docit) 
mode! , "scI of fefll'C!ing or rdeading Oounda,;'", a",1 SO"rt'(>/fl..:ei'·~r p~irs 
A~ diS<;ll";<)(] in Ih<) ]nlrodHctioll, t he primary iltt':R'!;t of this the.;is is 
modd pMa!ItNriy.a tiolt a.s it appli('>l to th" inwrsion prOCl~lure. Th':R10 ..... 
in t his ehap!er both the forward and i"wr>;eprobl"m~are silltplifil'<.l by 'IS-
s'n"ing a ~1raight. raYI'",h fro,," s",",e,' to recie,"cr . Uuder the ~traight ray 
approx inlAtion. ali di r~'Ctional clJallgcs attriblltL'(1 to , ... Iocity "ariation~ at"<' 
igllore<:l. Th.: forward prol.olelll for bUiaght ray tomography canl!<' ,,'r iucn 
gcncmllyas: 
0.1 ...... . 1,.., (2 .1) 
whNe d "'''' an: the Ua'''.'! titHe;, L is" tllatri){ contA inillg th,· d istan~'.,. tra,-~ 
d,~l by ~"ch ray m,d .., com", ])()],,]'; to the "Iow"ess ",hte (i.e the Tl'.:iproc"l 
of the velocity) ill cached!. which "'ill bClloemodei p,lrAtllNcrssoughl ill 
thpim-,'rsiotl.!l. lfttri){ l. canl!<'wriltcngctlcrally"" 
(2.2) 
Each ruwofth':ltlMrix L rorr('>;polldsIOft ,inglerayftnd <,:u:hrolllllltl toft 
"dOl'itylay,'r 
Figure 2.] ~howsthcromlta[jt ray I)aths throllgh a 2500 m/ssuLo;urfflC<' 
>i(1 """e for a ,u('>;h consisting of 22:> 20IH hy2QIH".,lk SonrN.,.,or""howtli ll 
"'Y' in total. Thc so",cc and R'CciveTconfigurationsshown ,,,,II oc ,,"'-~l for 
ftll th{' following nlllnpl,,,, in\'oh-inga "'l",h ofthissile_ Wh.:n illt .:rprcting 
I he"~mltsin slIl""luellt sect ions. ra)'N"rcmllllh,',,~l acrordingtosource frolll 
toptobottolJl aJolIgthe y-a:.:is. First , t!oci lltcl"SCCtion points Jx.t"Wtl all "')'N 
:",,! gridlillcs wer~ calculftl('(1. Th~n tlw distftnN'corre;p",uJing to{'och l .. '11 
was dctcrlllill~~1 alld s"b" '.~lllelllly IIm1tipl il~J by the appropriate velocity ill 
Figure 2.2 shows t he re;m it,ant ray patl~~ throll1';h a 25001ll/" s lI L'",nface 
"'I"",e for " 1lI,,,h~UJ,,,istiJlgof3GOO5tH by 5tH ""l Is. JlI~f("",inl': the Ill llllocrof 
ed lsresuit.si"fllleru i;cret iZaT.ionanda morrft"xihlcltl(xleloft he>uhsurf:,,'t' 
S()m e<'" a rc , hown in ]ui awl r<~iv,' r" in )';n:<'IL T h"", is one extra In,..,i,,-,] 
for the :~~IIJ c<,n 1lI,,,h ami ,;0 on,' extn] raj' for each of T.h" t hree "'mr<~'" 
spactxl whilt'makiug sure no .... ym·Prla'''' wit.h Ilny of t he hurizonta l grid 
T ht SOUr"" and re<'~i \'n con fi ),;m ations , hown win oc ll:*U fur a ll t il,' 
fulluwiug ~xmul'lc>< iu\,uh'iug a illL'8h of l.his sil,e . Tlw fOrlH.rd problplll 'HIS 
culculauxl ill the"UIll~mmlJl.:rasthe 1Ilc»hronsistingofn5cellsdiscus:;ed 
alxm: (Sre APl>Clldix A) 
x(m) 
All of the ':XlYllpl('8 prCSC!l\f"<ililll5 f~r invnh ... ""Iocity contrast.' of 5rK) 
m/s. This is " t",pical ,.,,]o<:ity ooutmst cxhibik~1 by lllUbt Ore ul'J)Oo;its (~O\N. 
1987). In sitll~l i ons whprp l"rllPr w l""it.,. contrast.' "xist 3000 Ill!"). 
rnyp"ths\\~Jllldhcuda!ldw]jl"'!ltmt~i]jhjgh \'eloci t.yan:II.'3""dt.hpstmi"ht 
ray approximatiou would t herdur.: l>€ i"~.cc\lr~ l~ (S heriff & Gpld~rt, l!N')j 
2.2 T he Inverse Problem 
2.2.1 Newton's Met hod 
In nli!tllC"wti~s, N"wtun's mdhod isa wdl·knuwn algorit hm for fiudiug root s 
of ''fJ''Rtions_ iT ~Rn AI"", II<' u"",ltofiud stAtiollltrr poillfs (Slid, M lOCA l nut);· 
i",,, Rlld mill i",,,) of fUllCfiollS, as ~\ld, points are the rOOIS of the der;\'At i,.., 
f"uctio]] (noun"n, et al" 2!Xl6) 
We shan dcfiue a "'-~lneucc I" ,,-ilh a kuowu iuitial gUl'" IO, The hope 
i, flo,,1 !.I", ""1 ' WllCP limi!.s towards .r. which sati"li.", !'(I. ) '= 0 (BoII'U<IlS 
etal.,2!Xl6). 
The second ord('r TAy lor "xptln~iou of !(1') at I" is given loy 
!(;r~ + t>,r ) = f(F~} + f'(F~}t>I + ~r(,r~} .:l.r2 (2,J) 
~':' I' mtiou 2,3 attaius it" extre",,,, ,, whe n ~,r wh'e>< the li near C<1"ltlioll 
f'(r}+f"(r}D.I'=O. (2,5) 
Th" 1;('(1"~"C<',r~ is lIi"," by 
(:Hi) 
wher<" n .. 0, I .... " Equation 2Ji will ennn'rg" wwards the HK)t of f (i.,>. 
7, for whidl f( x.)=O) (Bonna"s "1. ,,1. , 20(6) 
Eq llatio" 2.6 iI; valid p'O\'ilhl thef(I) iR a twim-<ii ffcrcntiabk fUll ctioll 
well approximated by its S('('(lud order Tflylor p"p~nsion and thp init.ial 11'''_ 
70 is chQl'.l'n d""'lP()(mgh t.o.r_ 
Tll,' above itemtiw scheme can 1)(' gpnNaliz('(1 to ""wral dimcnsiolL.~ by 
rcph.,.in!', the deri",ti,'c with the g,adicnL V f(l). auti the redprocalufthe 
second derin'ltiw wil h (,he inw"'" of the H,,,,,,iau matrix, H (BonllaJlh ct a1. . 
20(6). The H,o;,;ian matrix. H , ;,; the "quare ",a(rix of occond-order (mrt.illl 
deri",ti ve8ofa fUllction (i.e. it descril"", Th~ local enn1\t.n,eo[a [unetioll of 
"""'Y \"I\riab]",) (Bonmms et II] " 2flOIl) 
Givcnthereul-vu ll,l'<.lfunctiol,j(X" h. . J"~).l,lw gradi('((T off is gi""n 
by 
/I: = vf(x) = (2.ij 
If..:l] the ",-,<,olld partial dcriv,,(ivl," of f ex iSl., th!'" thp Hr<S.~i .. n mnt.rix of f 
isthp matrix 
[ ~ ~ It _ -l± ~ 
l±l± 
(2_8) 
faking dK! aoo,'<' into roll~id('nl1ion. 011(' oht"in~ lh~ iterati"e s<:h~"'l' 
siz<,,,>Oinstead of" _ I (13oIlIlfIUS('! i'lL. 2CQ6), 
(2.10) 
1'11 .. step 1'11gtll hdps COII INl hOlO" large " "jn",p" tlw a lgor iThm lak,,,, towards 
2.2.2 Gauss.-Ncwton A lgorithm 
1'1", Gauss-Newton algori th m i>;" mdhod u>;ox) to sol", nOIl-li llear 1 .. ,,,1 
"'l"an", l'r"hl" n l~ (Fkld,pr. l !i!!7). 11 " ,,, , I~· ''''II ".;" " ".) ih('a!;,," "f No-w_ 
T O" '~ ",('1 hod for find ;Hg a mini"'''''' of a [ullclion. Unlike I\ewlou 's method, 
th~ Cflu,;,;-;.: ... "1.on algorithm can onlyh .. \l",-~I to minimize" ""''' OfsqUML'S 
fuuctiOll, Iml ;t hM tho: a,h,,,,ragl' th.d "''0),,<1 <I,'ri"'I ''''''', which cu" he 
challcngiugtomll lpn'<'. arC lIot rL~I" ir<.'(1 (Flelclicr.1987) 
III WhHI follow,., II", Gaw;".N"w!oll "]gorilhm willi,,) d('riv,~1 frolll N,'w-
tOil'S 'Hcthod for fllllC!ioll opli",iza!io" via " " approxi",alioll 
The R'Cllrre"cc rduIio" for Newloll's ",elhod for ",illimi~illg a fllllClioll ~ 
oflllodeiparulI,clcrs{i.e,thr,'('locilyilleachceil), IlI ,is 
(Z_l l) 
wh,'re g ,kllo\<", Ihe gradie"l wclor of ~ "",] H de"olc" Ihe Hessiall ""'Irix 
of s (j\lOCl~li.1 k Wright. 199'J). 
A lIIeasure of Ihe lIIist;t betw,...,,, the pl,~[ktl~1 (d'~·) ,"',] 01.N:,,·,~1 (d "') 
travd lilll"" isgi"ell by: 
rUZ) 
Taking ", _ (<1';., -,~), Equation:!_12 Call 1)(' •• 'written more con'l'1lClly ,~~ 
·Im)= t.e,lm, (2.13) 
Th"grndi('lItnml",wrilU'Il"" 
The Ga ll8S-Newtoll Ill('thod is obtaincd by iguoring the ",-,,-",-,ud-onler deri\1t-
live terms (tl", "e,, )Ud u:rn' in F ... qlla!io" 2.1:» C'ioce<I,,1 & Wright. 19'J9} 
rh,,! i". the llt'><Oi,1I1 is approxilH"t,~1 hy 
whe,e J" = -!J!:; "''' '~'tri')I< of the J acohi"" .I, 1'hp IlradiPllt ,,,,,I dop 
approximatc Hessian can 1)<' "'rincn in ",atrix lJot"tiou as 
(2.17) 
1'h,'"'' cxprl'b!<ions are "u bst itHt<~1 into 11", Equat.ion 2.11 ahow' toohtflin lh" 
it"",[i,'c solution to (h" il"-crse probl"u, 
2.2.3 Minimulll Structure Inversio ll 
Tlll'geoph)'s icai ;11>'C""" problcll l with r''Slx'('t \{)l"llular parti tiolJing i" HOll-
uniq ue hoth fllndalH""taliy /Iud ""n"'ric"lly d"e to thc largc "",,,hl'r of ",odd 
pnrm""tc", (i.e. the 1H1lnbcr o{,..,lis). lI lllr~er !mlHher of cells lHeans ti,,,,r 
discrelizatio" and is u<'('(led in ordN to haW' a '''ore A,·xihl,. mOlIe!. 1" order to 
<; .. "uterthisill-V.:ollx1u{'SS,a lllcll>;lIr.,of",,,llI'propertyoftheluodd,[rtlctllrt' 
i~ miuimiz,~l iu WlljUlldioil with the )Hea"nrcnf dala mi,fit. So find m whidl 
(2.19) 
whl'rc <P. is 3 m"""me of It", dat ~ misfit "lid is gi",u by: 
(2.20) 
where d "'" isthcw(;\.Qrofol>:;;.:>r"Hio"s. d ...... isthe wlctolofdat" ('()I "p1lt,~1 
for 1.h~ '"' .... Im m of modd parallldN~, ~nd \ Vd is a dia),;o""[llliltrix whose 
d"llle"ts ~ue the rcc iprocals of th" ""tim"tl'" of t lw st .Uldard d~"il\(io"s of 
the noise in t heol>t;<'rvI\tiolls (F"rqllharsou, 2(08) . AI"", <P ... i"" Il,,'asnrcof 
llIodd st",e(Ilrc and isgivc" hy 
\V~ and \V , aregi,'('n by' 
( 
'" '" 0 0 W , = () t.; it 0 (2_22) 
IV, - ( ~ ~ : 0 ~ ~ 1 (2.2 1) 
",l,,'r~ 6.r .. And il~. are noe horiwllLal ~Ild ,""tical distan<:u; Illeltb"f(~l frolll 




Fig ureZ.3; $cheIH1.tirillus1Tatillg/l,r"aH<)6=." 
Th.,GauS&-.'I"wton,.;olm;OIl for 6 111 Itt lhell'· iteration Os-
(J TW; WdJ + >. (w :!,w , + W; W ,))Jm = {2.2-1} 
J TWr W. (d""'- d .... ) - >.(W; W, m" W; W' '''o) 
Tbe ilwcrse problcill in thi~ m"" is linear ami ollly om' ileratioll of F,(IIl~li"n 
2.24 is requir<'d tooblain "",mIt 
A.,di.>;<:ns.""., ] abovc.lhc.h.c'Obian, J", is gi"," by 
(2.25) 
wh"re <..1"..- and d ""' are tbc predicted and ohs''n'Oi travd-tiull'!; ..... '!;l~t i"']y 
Aocording 1<> EquaT.ion 2.2[,. thc Jaeobian can be <I.."...,i],.,d as a dllllll';e in 
t",,,,,I_lin.cwith ""I"",t toth~cbangc ill mO(I,'ll", .... .,cl<"". In thisca,,~. the 
Ill0dd Imn .. nctel"ll are the ~Iown.".. ",hlL"" of cadllOCIJ. For the st raigbt_ray 
caS/' , t h".I,,'-'obi,Ul iHtherdo .... ·('(IUi\).]"nttoT.hc luatrix L iu Equntioll2.2 
routaining thpdist"""""trawhlbyc(ll'h rny (g,c." App<>ndixA). 
2 .3 Results 
,\ s a nol<'. Gallssi",. ra"dOlll uoisl:of~talld'\f"(l deviation 'Xl""] ill Illagnitltdc 
to l '70ofadatum wflSadd,,<\ W cr",,(c all the data sets u:'«l IhrOllghout thi>i 
The "ymhetil' t,,"'el fil liP obtn in,~l from" 2500m/" sub:;urfn ("(' .",quare 
w,,~ ill\'Pt'l f'(i u,ing n ",,,,h COJl"i~tillg of 2"25 20m X 20m rdL, (Figuu· 2,4 ) 
In order 10 dderIllinc t he q\H'lity "f I.hf' data "'isfit. the ",Inc, ill Figure'.?..! 
(c) nr<'<i 1.0 b,' n)]"I}ar~,l to the rorrespondi ng noise \11.]11(". P""Sllllmbly 
a good fil mealls 11"",1 of lh~~ \11.1\1.." f,,11 within +/- 1'7< of the datll111 
2.4 «"). T!,.. 
o!N'r",~1 t rawl-tim" for I.hi, ray is 0,205<;. Therefor" . l<>fic - I .... "holl ld hI! 
octw,-",u +/- O.OO2'()5s, This is imk'<-,j \h~ "'l.>iC ill< al! th~ "dues iu Figllrc 
~A (c) am .[ m el,'r, of mRgnitmk slllalkr t hlln this range, It nlll th"" he 
stat·cd that thc byutheti~ "",1 nO>;lI[(,un n",-cl-\ imcs corr""l'olld "CI)' weI! . 
The b!<Ckgrollnd \'elocity obta ined from the i"'"ersion 1l.lso mat~hes qnite wd! 
with its bynt hctic ,-,,"ntCl'pmt, lImH"",",althollghthe g,,,wmlplJ'sitiouof 
tile alJolllaly i8 correct, it is "S]Jl('(lf(l(f' along the raYPH t hs and i t,~ veloci ty 
is too low, A f<'SCal,,,! ,'e!"Sioll lL'ing I.h,' maxiTllum alld minimll Tll cakulau~l 
III order to IllOdel lllore O)IJlpleX (amI realistic) ""h,;\lffacc struct ures 
additional ("('llsal"<' n_led_ The synthet i " Tra\'('1. timeforth~AAll\e 1:;(lOm /" 
bul.mrfacc square was invcrt,-~l usillg a mc,><h c'OIJo;i,ting or 3600 Sill x 51H 
cells (Fignre 2,(;) , Ro1,h The ~ynthetip And /'ffinltant. T.ra,.,,1 '-in"'" como;pond 
Theba~kgrollnd \-docityohtainc, l fwmthciuvcr!iiollal""mav:hcs 
quite weI! with its s)'Htitetic counterpart , J ust (\8 with the pre\'iou~ example, 
and mi nimum ~ ... k" lated w l""il,i"" is shown in Figure 1.7. U"iltg II ",ellter 
lluIlll>cr of ""lis i" a(h>ultagL'()u~ in that it prov ides 11 ' 01"<' d~tail and tlms 
One purpc<;e of this researrh is tocoll1pMel.hetradit.iollN ("('lIul", "l}-




Figure 2.6: ,\ lini'''1I1I' ST.r"~t"r~ i","",""io" (Il-tyl":' """~"tn') n";,,h for n 
2~",/ssnh,mrfn<:(!sqn""~'L,i"gn",n:;hof;JG(()5,nx;'''j""lls: (n) Initi,,1 
input ",-,Iodty mod.'1. (b) S~·"tl",tic ",l~ily "'od~1. (e) [)ilf"Nme" )l<'t"wn 
<:nlcnIHt.~1 (i.c. inn-rtcd) IrHvc/-timcnndsynthctictrl,,"d-timc. (d) Result"nt 
wlocilytttodd 

shows the irl\'CISio" rt'SlI lts for:. 2500111/8 kidlley-hean ~hal)<'(l slllo;"rface 
"t rllctur"ddi,,('(j loy t w""ty hlleSO'gllll'lIt", which "'ill Uc used as a "yntlictic 
vdoci t}' lIIodel ill SlIbst'(jllCII\. bI.'Ctiolls. !Joth the sylltlleti" and resuhallt 
t rawl tiltl"!oormsl'oud fairly ,..dt 1'1", bMkgrolind wlocityobt.aincd frolll 
tl ,,' illWl"!iioll also maid,,:>! 'll1it" ,,~'ll with its s},ntlldic roulIt("rpm\.. Jus\. IllS 
with theprt"'iolL"eXalllple, thegelleml loca t iou of the del>Obit isror rt'CtulI t 
il. i~ "s11le"'<'<I"' , 1'hp wlocity of rhp dPI)(k<it ill thi~ instance i.< ngHinloo low. 
}\ rcscahl,·ersiollu"ingtheillaxilllll!llandluillilllll!llcaieulatt:'<.)''t'locitiesis 




2D Voxellation(l j-type measure) 
3.1 The Inverse Problem 
TIl<' t}"]>ical milli",u", structure inwrsion can I", modilied so that it g""-
cmt<" !lIore blocky, pi'~'wi"" amsta"t Earth models all opp,_~l to fuay. 
"mcared-out ont'S (Farquharson, 20(8 ). The ",{)(hfil~l algorithm us ... " I,-,yp<' 
or/" nwa->llr~ (Farqulillr,;on. 2!XJ8). Th~ m"fLSlI'"oflhe amOUnT ofstrnewn' 
in the mod,,], <Pm. h ... ~ th" fo,m 
(3,1) 
(3_2) 
~'will \l,rYO\Wfand y 
Ag(,IlCfIll fom, [or'PJI!.!ld,.,. i>< 
whele" Xj are the" d eme"uts of the ,,-,,,tOI x , whid! will be V •. fwm aLove, alld 
thpsummfl,tion is o"er all elempnls in T.he ''('('\.{Ir (FfI,r.wharoon, 2OO1l)_ Thpl'e 
arc IOlIl lIe fOuS l'os;ilJili ti e>< for th~ spt'.~ifll' fOlm of the men,lIl'e J d loo,,: to 
(3.4) 
whece, is a small IIHlulxT aud }!is I ill OCdCI to ,..:;hic\'e au i , UOrlll. 
To Illiuilllize 'I' . Equatio" ~ .1 9 is differellliatcd wit h Ic"sped to the perl \)[-
hatiou" of tllP modd paralll<'tns. Rnd th,' r"Sl1ltill~ d.-rimti",s are '_~l",.!<~l to 
7.~ro (Far'l uhncson. :llKlil). D i ffrrclltin tin~ the ~c"cml for m of tIl<' m"RSH"'" 
(Equiltion :1.:1) gi,~", 
(3.5) 
where 8"/&ii,,, = (&.,/fM"", iJ<p/fJii", .\.)T, D,; = &l ;/IM"'J. fI,,,,1 q -
(1"( .,,) ,J(:rS))T &jl1a t.ion :1.(, can b., rdornmlau. l by imrod uciug a 
diagonalmalrix 
n .. dWy1P' (.r,}/J,.·· . p'(.r.}/.r. ). (3.7 ) 
which I"adsto 
(3.8) 
T he <'1<'lllcnts of,he "'It"ix n it", 
R" _ (J(.r~ + (~}'/2 I (3.9) 
T he linm, systelJl Or~"(I"utiol\s 10 l>e roln.,d a1. <'ItCh i!('f>l'ion is ,h .. rl"f"'l" 
(COIII!!"re "'it h E'j1wtion 2.2·1) 
IJ TW r ll.!WdJ +8" ~ Okw~n.w. I,s 1ll _ JT\Vr n...W~(doio (3.IO) 
- tlU-I}+ ff' ~ WrnkW. ( I";'/ - ","-'} 
'I'll" II",'rid~ R. as ",~II It"' 1h,· Jacohi"n ""'trix. del'"",1 011 the II >o<ld ,,,,d 
a,e " l'dHl"d at each it" .. ,tioll (Fflr<luharso11, 2(08) (S.~' AI>]>endix B). 
3.2 Resul ts 
In .. II the exmn]>]"'; prt~-'IIt(~1 ill the PrfSiOll~ chApler. the ,,,,,,,hmlt \"1'10<" 
it y 1110d,,1 AI>1>CHrsfnzzy Hnd snlCarL~I·o"t. TO K("('p this from (}N'nrinj\. th,> 
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:,lgori t)lI ll itl\"o)vingl,.typ" ,u"",,,,,c><di,,,u><oc<iilltheprevio\ls>le('tio,,(figul'(' 
:u), The illVC..,;io!l !'.\)lll·ratc<.i a tllo .... ,hlo<,ky rosultaJll. , ,,1o<:ity ",odd that is 
H,ore oollsi 'i Pll t with t he ,Yllt hetic H'locity ",odd, Add it ionally. t llP iuvcrt.~] 
"'io<;itic" arc HO i"ugcr too low am) i)W,c",]~orrt)!;p"ud ",,,eh bctterto the 
sY Hthctic1llodei. On thpothrr hand. ther",;u]tallt\'eiocity "'OIlel lacb the 
kiduP)' hmll ,hap" of tl", bYllthdic model and al~ aplwan< to Iw distorted 
iH tCf"'S of dip alld locatiollaiollg tl",dim::tiou"fthcraypaths 
Of "ote. the dip is somewhat affN't ... d hy th" Hatufe of the "Wasil)''''; 
the)"",]"_,,, T lwt is, the I, ,UleaS\ll'cfil\l)n<wrtiealam] horiwlltald ippillg 
synthC1.iclIl()dd"(Furquh,m<"H,20(8) 
Figure 3.1: /\ ill",r,i"u n·~"JI fur a 2LJ II"",,'ri,'''!!y tldi",,] ,J"'I~ ' ""ilt):;" 
IIIcsh of 3600 5t" x5tl1 cdls, (a) lllilial input n.'locily",,,dd. (1)) Synlhelic 
vdocily",,,del. (e) LJilf."ellce bt>lwco'n cakllla1<~l (i.e. ill""!,,,l) t rAwl_tin'" 
amlsyitthetictra,·d-t illic. (d ) llcsul1.ant wloci!y ",odd 
Chapter 4 
Numerically Defined Surface (2D) 
4.1 Mode l Parametrization 
T he propOSl~t jm'C"iOll I'-"'hniq"" iJlmht:'!< mlls(rtK1ing the houlldary of" 
homogellOOllS (i .(' .. ron,taut, ,-docity) '11t..;lIrfac~ grological 1('»llIl"(', ('now!, 
,kdi"aho'''ogCIll'OlLShu;t rock. lprop'-"'C(olmr'''''etril.(·all,,,dd;n2D\';,, 
a l-olk..:tioll of line Sl'g"'''''!'_ cach of which is definl") h~' two \"Crt in'> (Fig-
nrc .),l ). The positioll of"ach wrtexwillll<'lllaniplllatc<ilocr"lIlediff('fCIl1 
models. Th" p.Jt;ilion of all wrt;""" lind th" vdoci!;,lS of hoth the dq~it 
4.2 T he Forward Problem 
;\s disclLSS<.'<i ill II ... [, .trodu('tioll. tIl<: primary illler(';.( of this pa[wr i~ model 
dmpter.JIIgainsinlplifyiKlththc[OfWllrdm,d;"''''l'S('probh'IIlshya:;o;"",iug 
ali"",,, raypathfroItlSOllfCf'torcciewf. Und .. rlh .. ~traiglll , ray apI"OJ<iu",· 
tiOll, aJldjrt.>Ctjollalchallgu;Mtrib\1tL~1 !ovcloci!yvmia!iollsarcigllored 




Whell defining a grologic~1 structure ,-ia a colle.:tion of line " .. !',,,,,,,,ts in 
2D, ... ~i>;n,k mys .".ill on ly h., tran:li"!,: t h rongh a ",,,,,in,,,,,, of I"" i"l<'rf""-,,, 
Whileitisl>06>;iblethatdurillgth('ill\'prsiolll)roro.luret,,·oseglll{'ntsC"Ould 
a" ~XI m i"l~l">O:'<:tio" poilll. ""d ~lIb'.'''w~mly Sill", do."." 
Figur~ '1.2 sho,,'s th(' ""'<;1111",,( ray 1~1 ths throllgh a 2500 m/ s 1.w.-nty-
segn,ellt slIbo;" rf,.{'t' kid"ey-tw:,." shaped ~t r\ltt ure_ SoUfC'('S are ,howl) iu r<'d 
alld reeiew", ill grL""'. T here arc 3 """flU< a",ll;' rl"-,,,i,-cn; providing 45 
mysin lotnl. T h">O'lrcr nnd rL'<'Civerconfi!',llrat,o"ssloow".".,llbe "",-'(I for 
:w 
in l('qm:ling t),p re;;u it.s in ~lIl""lH~m. """ri ons, mys nrp nllnl lwf ... 1 from lop 
1.0 hottolH aloll),; the y-axi". The illter»<-dioJ] p()i!lt~ fur cad! ray were ('111· 
clilated_ Th('distances oorre;;pondi n)(lO Thphu;I rock anrlt hprlp[)Ol<il. WI' ,",' 
ddcflHi",~1 m,d .,"h"~I""]jtly nmlt ;pli,_,1 by 101", "pp[()pr;,.t~ velocity in order 
to det-em '; lle the tmnJ time for eoch ray (&.., ,\ppcwji.~ C) 
%~~~~~~,oo~~o-~~~ 
x(m) 
4.3 Minimizat ion of Misfit Invers ion 
4.3.1 T heory 
III Ct'ltaill illbta"""". ill parliclilarwhell thercareollly a few lIIodd pan"I1'-~ 
k ... the gcophy"ic,al i"'"en;l' probl"", canlX' >101\'t~1 by a ~impl~ noillil"i~,I\tion 
of ,bla misfit. This is the rase in Iwo d;mensi01~~ wh"n nsing only II f,·", 
illg rhcGIIII,;&NewlOn algorithm diS<:lISS1:'<I previollsly (E<:llllttio1l2.18) (3< ... , 
Apl"'lldix C). III this c,~ the m"del Imeamcte .... , Ill. bei"g "ollght in th" 
;,,,,' .... ion IIrp t h~ x-y coor<iinatffl of PIlCh ' .... Iex "nd t he '-c!ocityofllteorp 
dCpobi t andthe l]()I;trock. 
h,ordertocakulatetheJacobiaJl,Iaj1<aIelirsttmctxl throll!'.hawluc-
ity model n"d the slIl)I;(llient trllvel-lim"" "Ie calcubtL~J. Next. ellCh model 
par!l",el<'r IH~i"g soughl i.~ ",~u""tially 1H.'rtnrh'xl hy" s",,,ll ilmolillt "nd thl' 
r.r"\'~l-till,.-.;areagaill c"lcullll{'(1. Thcinili"llra"d-t imcsart,thl'1I ~"btr,«'('(1 
frotll t he"" ".lncH "lid each result is divided by t h" "ppropriate pert",I".-
lioll fru::tor gi,-ing 110,· JlICohian ",,,trix (5c<' ;\pp,',,,lix C). This ",,,,hod for 
Cttlcu)ntillgthe Jarohin" ttl'pliUl to all the foilowillgcx"lI1plesill,ul" ingml-
""'riraily dl'finrd "nrf!\N'S and to a,-oid rl'pilitioll wil not I", lIi_",,,,,,,('(1 in 
d,·t"j) "ga ill 
4 .3.2 Results 
l'igure4.J"howsthcim"Cl"iullufasixoi<hl polygon 'L,illg Ol,ly th"",ill i-
mizat;oll of dat " m;"fit alld no mc",,,"p of model mmn"",, . T h" "PI"'" ldt 
pmI<'I "how" the t r,w mo<l pi whil" t h" " PI,...r right. i~ a pi,,1.U'" of d,,, ~tarting 
model or initia l 'gU&;;' at the solution. The lower ldt p,,",d i" the n,.,,,lti ng 
,·ert ed) u a,·eJ· time""d the syuthet ic ua,-cl-time. Tu the ri!;l,t of all mod,,6 
is arolorharN'pr""""ting lh~wlocity in ",/ .• fO'lhA.I. p>lrtiCll l"'grA.ph. The 
rL,><uJtlll't ,-docity mood ~urr""I)<jlld" well to it.>< "yntheti" ,xmIlt efJ",rt. G"",,-
IVld....-l lo th" ~v",h"ti~ dA.l,a . Th" va l",oJ of dat A. misfit shuw" in Figure 4.3 
(<I) all fall with in + 1% of thp noiS<' forparh poi"L In fact, Thes<' va lues ~re 
two orders of magnitude oumlk·r t.j"'ll theu><socint<-d noi"". This ",ogg".,ts u 
The llIajority of the COlupll ta tion tiUll, is Sj)(>ut adj losti ug the l",ckgrollml 
n,joeity of th" lllod"l. Fig"''' 4.4 ,hows rh" ",,,,n inn',"ion ~x""pt tI,,,,- tll<' 
hwkllrOlHld (or hoet, rock ) ,-d ocil,,.. is no jongpr ~ mrxjpl p~'~m"!<'r h<>ing 
S<JUKht, hlltis i"s!endkllo"-Ii . :\ sCOHlIXln:.-d W Fig" r(·4.3. the "elocity o! tli c 
d~po.;it i" mOre ,,,"(' ,,cutely d<·pic\~-d ami the Ilu mu"rofiteratioll" i" d~,-',u\&-d 
by 110. \\·'hile th" kidll<"y-I,.'au "hal'" i" ,;chi"v'~t. th" " ""jam! vdocity 1ll,,.ld 
is "01, ".' 'HnooTh·' 11.< in Pigurp ~_~ 
A jthoughthc r".,,,ltpn""-·]jtcd i ]jF~ur,, '1.3pl'O\'id,,,,aK()od"·llfI"""jt"t;Oil 


of 110" True wl""ily mod,,!, til<' natural progf<)SI;ion is 10 mow tow~rd.~ 111"'<' 
mmplex m()(kl~ which can. in principle, h,·tler "·I""".",t Ihe E"rlh's r .. ,,1 
su l",urfl<c-e. Todolhis. additional \wlic;,:,sUlilst l>e ill&'rte.t. Figure·I.5 
shows rt"""\lll ~ for tlw sm",' iuwrsioll rU< Ihe firsl aoo\"{" . 1",1 wil10 the mo<l<'l 
now ronsi"ling of I<'ll sid<'S IISOPI)()(',('(1 10 Ih<,{i in Ih<'firsl "xaUlple(~ 
Appt""lldix D).;\I;o. Ihc Hpper righl IXHldl""oo.,ll~pla<."e<lbyatra<.-eoftltt"" 
ch"nge in perim'~ter of the remltanl wlocit)' modd. Fign"~ .1.6 show,. til<' 
Asca" be Sl-en from Figure .1. :>. th" perimeter oflhe resnltanl ",Iocily 
TtTodelisill-heha,·e.landthe in\-ersion]>!"O("('SSsui)se(luentlyshut.sdowuafl<'1 
only 18 ikra!i"n". Sp"cifying II,,~ background ,"Clocit)" and re'"""in!: it from 
noe &'1. of uoodei parameters l>eing soughl d","S nO( io,,]>I"O\'o the solution 
(Figolf<' 4.7). In ord"r 10 <"Otlnter,..,t Ihis from O<;<;Hri llg. ""C swilch to a 
ruiniomutl htructur<, t)'p<' of iu\'t'rsiou 
4.4 Minimum Structure Invers ion of a N u-
merically Defined Surface Model 
4.4.1 I'lIlcasures o f J\'lodcl Structure 
A 10lal of tlm~' ,"",,"""'," of modd sl"'elnre win h" i",plc",eu1<~1. 
mdmlclhcpemllclermodnrcaof lhcn"",erl<"allydehnc"tI ""rfa,"C"" w"]laS 
thclotal disla'K-e fro", "ach ,·"rtexIOlh{"centroid. ;\11 thrc'" lXlfa'Jlders \\'ill 

Figllrc 4.fi : Initial ",]OCil.y IIIodel for a tell ocglllem 20 polygoll 
be illtrodlll'<-..J ami diocll""'-~l s,xllleli t ially 1.><:low 
tuillillli'~isth",p{'riIlWt('r. which isgi\"f'1l hy 
To dvsc the !'olygoll. the first :",d la,t '""rtides "re the""" ",. i ., 
.rn.!Jo(Figure4.8) 
N,'xt. the ,,,,'aofa pOlyp;Ol' isp;i'''1l hy: (Burke. 19S8) 
" .!,-! .... 
Fig ure 4,7: Two-di U\~llsioll:tllJli!Jilu;1.at;"u of ulisht ;11""'";"" """ul .. s for I> 
l~n St"giliell! mooel (backgronnd wl""i!y known): (I» Tme ,'doci!y model 
(b) Ilfflult"nt ,-doci!y lII()(kl 1',,,.illl<'l<'r Irl«;(' . (~) Ilffluh.I>llt \"(~Ioci!y model 
(<I) Oitf,,1'0'"' ''' 1"'lw,, '" .. "k"I,,!,,1 (i_' ; 1L"" rt<~I) tmwl-t;",., "IHI ",'ull ... !i. , 
Tr!wt'l_!irH(' 
Figllrc 4.8: Sct"'lllaticoflllwo·dilllClll;io",,] pol)"goll 
The cclltroid (or geometric cruler) "r 1\ plau~ 11g1111' is til .. ;1l1~r""Cl io" of 
11.11 slfll.ighlli",,,,lhat di"ide lhe 20 shape iulolwO ])llrlsofCt]ua] ll lOllJeul 
aooul Ihe li"e. ~br 1I11O,,-sdf-illlr~ling (si tllpko) polygon. wilh " ,-crlia .... 
Ih~ ("(IOrdi""I,.. ofth<:> a'lltroid "'" gin'" hy 
c, =t.:, r.:·d(r,+r,+I)(r,Y,+I - r,+IY,) 
c. - t.:,r.:::d(Y,+Y"I)(r,y,+,-r,.,y,) 
(4.3) 
Wh("T<:> A is the a,m (Burke. 1988). The "erlid~ 11111l;( l!t, ordeTl~1 dork,,·i.-;..' 
or COIulterciockwis<'; if Ihey 11.11' ord,'rl'<1 dockwi .... , Ihe coordi""t"" of lhe 
CI'nlmid will henl'gllti\"e bllll"Orrl~t ill utNllule\111ue. Th .. slItllofall Ihe 
dblllncu; frolll ellrh "t'TIf"X 10 Ihf" ("f"nlroid for a 2D shal'" eRn he wrille" 
4.4.2 Iterative Solution Procedure 
Sy,,,l>olic 1'0011>0. (ulldion (S.~' Ap[)<'nd ix E) (~ I atl<lb. 2001». l'hel'<'fol'<', 
[or a ",,,,1 .. 1 ""usiSli"" of" col lectio" of Ii"" "eg",ems, til(' gTII,jie"t [or th" 
l>l'r;lIwtrl' ami area a" wdl as l.lw tOIl<1 dist"IK,," from each w.t.'x to t he 
~'Clit roid will pi\{'h be a COhllllll matrix. 111e 1I111"b('r of rm,", ill litis lIlHtrix 
will 1)<' l~lu ivalem to the 1U1I"1,,,. of 1ll00Id jlM<lme\.cr>< (i ,e. t h .. r " nd y 
position of <'fleh , ... rlex "" wdl ii' the "docili,,,, of Ih(' h""l, rock ""d th" 
<lep"'''it) 1>I';"g sought, Ihe I""t two of which willl:>f' >ero tIS wlo<:ity is 1I0t 
i nrol'j)Qr"tL~1 illtO "ithe. Equllt ion 4.1. E<IIWtioli '1.2. or Eqnmioll 4..J 
Similarly. th,. Hessi'''l of the perimeter. Hr Ih" ",ea, H •. ,md th" \.()-
tal distl\nC<' from e"dl ,,,"rtex to the centroid . H" can also Oe cillclllatl~1 
in Mul/uiJ USillg the Symbolic TooiooI fUnClioll (&"" Apl""",lix E) (~ Iallah 
2'(();,). 1'h('l'('fol'('. for a lJIod d l'Olisisting of" colh'<'t ion of li nc S<:'gl lLelL\.s , the 
H~i'"1 will (,<)II"i,t of 1111 llI-hy-n llIatrix whe ... ' hot h '" a1l(1 " wi ll he eqlliviI-
lent to th" "'''Jlocr of modd p"ranl<'t('r~ heing sought , T he I",;t t"" col"",,," 
ami rOws of ('wh H~i"n II Iat rix will ht' zero ii' w lo<'ity is not incorporated 
into eith~r E<!"ution .1.1. Equation 1.2. or E.quation 4.4. 
The tit.,.,;i"u aud gmdient mal.r;~i,,, di","uss,)d abo"e fire S\lo"t;tH1<~! for 
\V~\V,+ \V; \\', and \V; \ V, m - \ V; \ V, IlI .;II E'IIIation 2.24. !"("!Il-ct ivt"ly. 
Temporari ly ignoring 1.1,,' Illa t rix \Vd ill I':<),,,,tion 2.::n and ,,'arrallgi ng, the 
,..,11I1ioll 10 the illversc prohlrm ran 1)(' ,,,,i11(,11 ilemli,'ely as 
Ul,-I _ IIJ ' +n.(J; J, + ~(Hp ,.. H " + H,n- I {J; '{doN _ df'"~ ) (1.5) 
-~(gp lo g, + g..l) 
",hNe 111 are the llIodd plU"am('trrs l)('il4; >'Olight ill the i]J\wsioll (i .e. rl,,· I 
and y ("()Ordim.tt" of ('I\ch vertex as ",..'!! ""rh,· .... lociryof tilp ilo.;\. rock "",1 
or~ depo;it). J ;j _ -/l;;;; nrc ('lIlr;"" of 1l,,~ Jacobian .I ,. d- Hnd d"..d ure the 
ol:<;e"'l~1 and p,,~lirt'~! Iran·J-ti",...". r(-:;p<-Cli,·cly. ~ is \-,,,i(~!lI,,tillhp trial 
'"od<'l i" s\lch that t h(' dat~ mi._fi! is "mall ('110111>11 gil'en Ill(' lIoi"" that w,," 
a dd~~l iut.o t he datil (So. Gh"pter 2) 
4.4. 3 Res ults 
t<'n "",p""IlI. "docity 1Il{)(lcl im'olving ollly the p<>ri IllPt .. r,.., tlL ... '"l""'lIf~ of 
1Il{)(lrl ~trudnrc (St..., ApP"ndix 0). n", start ing m{)(iel is sholl'u iu Figure 
4.6. Til,> m",hall!, nolocil)' 11l{)(lei hM II "Ilne of 261" III /S. which is wry 
similar \0 t he 8}'lItltc!i~ One. Both the syll1l,,~tic and cak,t lat('(i 1I'II,'el-tinK" 
'\f~ virtually id~"tical. Additio,,~lly. the i",,,n;ioll prOCt..."<'l h"I! co"'"r,,o:l to 
",,,ini"'IIII1"'~ then.' " ...  ..,.. no furrher rh"ngffl in rhc rllod~\ pMaruetcrs "'ith 
bnlJb('<lnel!t it~ration". ·n,ercfore. minimizil!g the peri",,,ter in conjul!ction 
"'itb (be d~ta mist; ( is al! "('(·eptaot, · "pp ...... d, to the il!vcrsi"n of" 20 tel! 
segment polygon 
The majority of the comput~tiou tirll" is hllt,,'t adju"ting the oadq.round 
""Ioci ty ofth,' ""I! \t aut (or i"'''fto:l) mo,kl ,~" for the examp\ ... in S<",!iOll 
<1.3.2. This is likdy,h ... tOThe lfll'g ... dkcT the hackgrolll!d ,...1"cit~' hns on the 
datamisit_ ~tOf('"l_ifically.astnallr"'ft\lrhatio"iut)wl",ck"f<)"ndw)()('irr 
h".adra,w,ti, · dr,,'1 ,,,,,lL .. trav,.j " "'""farav,.. ,tl ... "I""n llL m i. f",.",·,1 t." 
slovdydJa"gethi,fcatme. Figllre4.lOshov.-sthcna,:t "''''". in'-elbiollCxttpt 
th ... ha<;kgrouud (or ho.;t rock) ""Io<;it)' is no \ong'~r a lIlO<kl1~)fa)),,·t!'r 1><'in" 
fIOUghtl.ud isir",tcl\(l kllo\\'l!. AscolIIl".ro:l to Figure 4.9. thcdl'JlObit has a 
vdociTy of 2[021 "'Is "lid is therefore 1110") accurately depict,~I. h""",,,,. the 
ulll"her of itemti"u" is iucre1<!;C(1 by 50. Thep~r;mctcrtmc"i"a\solC!;S""ll 
h ... ha\l~1 ""d \\'hil" th ... kiduey-I",,," sh"p" is rdai",~l. the rcsnhuut "docity 
IHod,·JisnotfL""slIlOO{h"fL"inFigun· .I.!J 
Tell SO'gllwnt-" ""ork,,,lll irdy, hOWl"','r, it ,,"ould 1", illt"r ... "ill& to "''<' how 
the p""-'o\,,,e holds "I' to additiollallille o£'!(,,,ents. AI>;o. ",Ore lin" ":''glllellt-s 
hi"'e tlL" ad'~"'tagc of fiuer diso:reti1.ation and tlms a 1II0r~ d<'tRi].-.;\ lllool..! 
nJCcx,.ct surnemi"irnulII structuf('ir l" eNion (inc!udingtll('unkuown "ell><'-
(Figur<.' ·1.11). At itcfatioll 35, two ,wtidffl s"'itd ,,,,t IXI<>(iou~ u"d the ,,-.,;,,1 . 
Figu re 4.9: Two-di",,,,,sio,,,d mini,mllll structure (w·rinr,'ter) ;""'I">'ioll ff'-
suits for a WII segm~nt ",,,dd: (a) Syrrtj lt:tic ,·docit}" trrodel. {hJ ["f~"jtm't 
,,:Iocity model veri"'l·t~f trfl("~ . (e) ["f """ltm,t velo,:ity model. (d) Diff,'"·,,,~· 
l.oetW(.. 'II eaklljat~'(l (i .e. itl\"erl<~I ) tm\'cl-tillle 11m] sytrtlr('tic ITa",j · t;"", 
.... "' .... ...:,.-''''' .. -
J.: 
!.: 
Figu .... . 1.10: Two·dimensional mi"i",,,,,, :;!mctur!' (pcri",o1,·. ) invcrsioll 
ft",,,ltsfor"t,.n"'~"'c,,! m"dd (backgro,,"d w locity kIlO","j: (,,)SYIl!hc!ic 
wl",:i!y m"dd. (b) 1l ~";Illt"ll! w~loci!}' ",odel pt'ri ll":!,,r !ra ... ". (t) n''';Illt",,! 
wI. wi!,' ""HId. (.1) Oitr"n'",, ' )M'!"'''''' (";11",,],,1<'.] (i .• · i""'1"!.,I) !mv"]·!i"" 
~"d sYlltl~tic frflW] ·fj,"C 
lant , 'dueity mo<!d turn('(! "insid~ om" Sp('Cifyillg lhe ba<:kgrollnd w locit y 
and rf'tl)o"ing it frum Ihe set of modd pnranll'tNS being sought allow" lhe 111-
gor it hm to m nlimw for" g'I'a l('r 'llIu'!x'r ofi""mlions (i,e. 2'l'J) bUI wit hout 
~ ""hstiUlt ial ill 'pro\'em",,1 in th."ol",ion obt.llin<:'d (F igure 4,1 2) 
From I'ig\lr~ 4.11, it i, "b"i"u" Ihnl Ihf' ]If'rinwll" alone Will nol , ,,lfiu' 
inrolitrolliugtheiu",rsi"np,~f"r"'''r<:roluplex(i , e , grl' .. I~']"nll",I,.',of 
liue "'~n"'''( 8) 'lD Itlodds. Au addili"n,,1 nw"s"r~ of "'o<lel ~lruct"rc nlUst 
TI,{' "nea A of a 1>o1ygOll (ulllation 4.2) ellll also ),.. f'Olnputl~1 if th., 
1(,lIglltS of Ihe si,k ... fI',"Z.".,Il" and the ('X ll'rior <lugk ... 11,.11, .1/" ar" 
kllown (Figll,..' l.l3). The formula i8 giwn by: (UJIlbhits. 1(3) 
A = ~(al !"z.';"(O,) +"ls,,,(II, + II,,) + + an LS"'(O, + " . + 0"_ 2)] (4 ,G) 
+u1 ~UJsi"(IJ,) + u" .• ",(/lz + 0,) + + ""_l~;I!{O, + ... + 0,, _,)] 
Figure -1.14 illusl",I"" 111<' changl' in no<, ('xlen",] augl., of the i"\TlI",~1 
li,l<' ~g"'~nt' wlt~1l Jlllrl of II polygon fiips insidl'-olll durin)!; "" inn'"i"" 
A<;<'Ol'(ling to E,q unlio" 4,G, the area is rdat ('(! to Ih~ "xtcrn,,1 "I",J(", of all 
lhe lille ""gmCIl1 S, 'I'h .. ,,,fore. in oru,·r to prev"nt Ihis flil'ping of wrli~<"I from 
o,-"curing. lit" a,ea i~ all tlCC<:ptable fO[111 of ",odd slruM11 ,..' 10 1,., ",il> iI1 1i/('(1 
alollghide th~ peri",ete, 
.... , . ~ . ",. 
E 
Angle 
Fig ure 4.13 : SchcmaliciHll"tralillgthecxtemal",.gleof" r",,"ideu poly-
"\l in imizinp; lhp Ar<>a "Ionp;<idc th,. 1""in""le. pre,,,,,i.." the polygoll from 
lI il>l' i u~ in,id~ out 1>111 'O"""I"'""t lv , hrinb II,.. ""'1111 ,uti ,...1'K"ilv ' 11',, 1 .. 1 
(Fil:lIr~ 4.la)" \lanipnlAting the Ira"d,~off parameter with regards to t he 
"n'" pm,",..:1 ext renwly difheult. T lw ""'l rengl h"" affof(krl 10 t l,," an"" yin 
midd le gro"nd ~<mld not I", fonlld 
shriukiug (Figure Uti). How,>\w . il doe; r('Su lt in aSII,aller lIIisifl bt'IWl..,U 
110,. ~Ylllhetic aud cakula !(~l (or imutl~l ) trawl-tima; th"r"hy ",,>aling Ihe 
illns;on of a hdl.cr oolul ion (Figure -1.17). A 1lI111 ,b<:r of rays 1);\8S through 
l!J c b,.ckgrouJld(orhOHtrock) withoul lrawlingthrnughtlwallomaly. 1'11<'S<' 
Ihi" ,'ah,,. [('ad" to the apel\rance of " ;bct t"r' wlutiou , Th;,; is al, i",portaul 
poiut., whidllK"l~h<tO I .. , I"ken imo ronsid"rRlion wh('n inlcrpr<:lingany ,,,,,I 
Figures 4.15 m,d -lo W show nx'overeo:l",odds ill which tI,,, an,,,ualy "fl"-
P"'IfS wilh a ""Ioritl' /"wl'r than Ih" background . dwugh the input ,-elocil) 
WILS su)',tantiall} !M/ .. "· Ihm, Ihe ]",ckgronnd. The "'''';<)11 for Ihis is lik,>ly 
due to the r,,<:t th" ill""n;;oll algorithm got '~Inck ' in a localmini'''I'''' 
It isoh\iousfrnmth"prp"iOllscl{a, ,, pl ,.,, (ha' lJoththp"r<:""ndl"'r i",,:kr 
aiOll" ar<' uot suffi<:;emll' " " .. f,,1 mcasnre-sofmodd strnctu,,'_ In of(J.orforthc 
i",-e,."io)] to l1pprooch a mOTe sntis{,tctory ".lid g{'()I"l';icall." pt.""ihl,> r"",it .. 
,m addi tional prn1"'rty of a polygon noust be ronsider"..! 
.. "" , .. ~;;; --- .. -"""':"- --.. 
Fig uru 4.16: Tw .... dillle"sioll~1 ",inillllllll 'tr\lcw .... (p.'r illlct<er ~nd ar<,a) in_ 
,-en;ionrL'SultsforalweulYfIeg",entlllodel(background\,elocityknowlI): (~) 
IH itial \"('I ( ~'ily 1l1o,lrl. (1)) Sn1thdi(" \"O'1o.-it,· "".1('1. (.-) O,lf""'II"(' IH'l\""'ll 
caIt:III"t~~1 (i.e. i",wled) lnwel-time and sYllthctic w,,-.:I -time. (d) He,;U!tflll! 
,-eloci tYl!lodel. (e)Areatr:~. (f) Per imeter trace 
===1 
1I 1; [I; I[1;Z; n); th~ ""m of I he IC[I);tils f"on, ~acl, v~'te~ 10 the ct'lltroid "Iong_ 
"id" both t1,,, perillldcI .me! theurca prod"e .. " "ulUell Illore robu"taud rL~ 
liahll' im'I'r.:;ion algorithm. As ~",n 1m """Ol from Fip;m,> 4. ltl. th~ im..--r,;i"Ol 
p':rimNer a Old wt"l leOlglh to ct'nter Ir"""" . Add it iou"lly. t hp gPllpml ~h"!>,, 
of th" r",mit,aut vdocity luodd " "'td",,, that of t h" "ynthdic " ,odel aud both 
t he calculau.:1 ""d sy"t h pli ~ t'''''I'I_time; mrre;pond fa irly wf'11. T",hln 'l.1 
p1'tJ\'id,,,,,, ~'O r "p"'ie.(," of "' uttipin mo(]pi pro!>"rti "" for l hp symlwl,i~ /lnd 
iuvenL~1 ",locitYlllood s. 
Thclllajorilyoflhen)lllpnt.at ion tillle i" "I"'llt adj1L;li ugl h"bu,:kgroHnd 
w iocity of the t'esult"nt (o t' imwt('(l) "'odd. FigllrP 4. 19 shows t hp exaM 
"allleim-er"iou exccptl hut tlwl."'l:kgIOullu (orhu<trock) ,-clocityi8JlO lollg.:r 
a model par",nlet.:r b<:ing oo\Jght ",,,d is inst.:"d known. As romp"",-j to 
Figu,p 1.18, th~ "I'loc-i tyofthpd"I"lI'i t is morpa""llr"telydepietooandtiw 
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Tahle 4.1 , CompariSOll of II", ~r"tll('tic and i""rrt<'fl wlodt}' modds for I< 
lIlillillllllll btriICtlireil",en;ion (peri",cter, AreA and SlIlII oflrngllu; \0 (,(,lIlroid ) 
ofat"1'lIlysegmellt poJygou 
mll"ber of l1cr~',on. ,kcn.ased b) SO. The ,,",hl 0.,1""-",,, tI" "y"n",li, 
alldmlcuJ.Ul'fI(ori",'<'[tL'fI)'rn""l-t;lI=isaooslllall"r(Figllre4.20).TahI .. 














Table 4.2: Om.p",;",,,, of the symhetic amI imulL'f1 ,-docit)' ",odcl~ for A 
"';lIilll!llllstruetllre;",-e",;ol (perilHcter,area,,,,dsulUoflcngth~tof'C"'roid) 
o["twmtyseglllelltpolygoll (baekgrou r,d wlocilykuowlI) 
sioll . The IIIC","re caUIlO\ be uS('(] 011 i1sown without thc prri","'" , /",,,,, 
IlIcasn'l):!asthe[():<lI lt ;IIgimws;ollislIIIstable, Fignre4.21showstheH'Snl-
tn r.t ,'doc;t)' lliodrl fo," ," inimlllllstructnre i""c",iollof" tW"lltYSL'gIll,,"t 
: 















Figure 4.20: Calc"bted l ravel-lillle (1)luc circll") ""d pfl~lictl~l nltyd 
Ii",,, (rt.~l C.OOlbl,,) fo. a two-djllleH,;io"alllli"iH""H ~I",ct"rc (periH,ctcr, arc" 
""d s"'" oflcngitts 10 thcccHlroid) i",..,,,,ioH rl",,11>; for" t"..,ntY"'-'gH",,,t 
IIIodd(lm<:kgro"" d ,'docilyk,lOwu) (Lc/t)""d Imckgro"nd ,..,Iocity""kn own 
(/I,ght). 
polygon with ""Iy tite SUI" of lengtits to 110" n,,,troid ,,",~IIlS" "",as"", of 
modd S"IICltIW The IHodellwars no re8('IlII~,I"nce Wtlws}"nllt<,tic mOllcl 
.hown ;n FigHf,'4.18 (b) ""do"d()!;(' in'pedion hasad.II"llytiip]M'(iilton 
;\..""If. AlItltr<'<) mCRsnr{l:j of mocl~1 """CIIII"<' ar .. ",,,,,hili., Ihe\" "'ork in 
unbiontohcll)"wt);dizetheinwrsio!l 
x(m) 
Fig ure _1.2 1: Two-di''''''L';O'''') III in;"'''''' st m ct."''' invcrsioll romlt for" 




Numerically Defined Surface (3D) 
5.1 Model Parametrization 
lw'ticillfol'lIlulaandsoar~di"ide<l(t-=-,lI""('(I}i"toa",e;hof.<mall,,,,,.<y-Io-
an"IFctri~ngularf!\Cet •. ForCXAlllpic,co"sidcrfinlj 1'1 simpi" sphere (Fignrc 
T he first III,proximAlio" i. II p latonic ""lid, ,'ither IIll ic"""h~~lro", oct"h~~ 
,'ad, t riangular [wet hv II [wtor of ., (~]atlah, 20:)[,). AI {,Mh ,din""",,,!. 
110 .. v<:rlie.,,; III'C projt'Cl('(] 10 110 ... >urf""" of Ih" sp]1<"(, (S.~' AI>pcndix Fl. In 
order to 1>"IIt'Tat<' Ii '''ore Ilpn{'.Il.] inilial ",odd, tl,,~ w,li..,.", of tI", triangular 
plancs"'illb<:'·ilrie<.lrandolll l rbyll'u,dwh il('k('('pi uglh,,"~.'llatio"it\t1\('1. 
Th" position of ..:II wrtiCffi "nd the "doci tit'll of both the dCl>O'it alld ho.;t 
Figure 5. 1: T .... "'<SCllat~~1 sphere (mdins=IOOm) mmaillillg 1280 trim'gl."" 
5.2 The Forward Problem 
As di8("uS>ie<.[ pre"iou~l)". (10(' prilUM)" iIllNC>.( of( h is p"per is I1Iodd 1>1"'''111<"1 riza· 
tiolllll; it ~ppli .... to the ia'·e..,;ioll proct...Jure. T herefore. we ~i",plify both t he 
(orwarda"di",,,rst:prohl"mshy!tl<Slllnillgalill,,arraY]>Ilthfrom,,,,nrccto 
"''''i.,' .... r. Ullder lhestraighl ray a p prox im"tioll, all d ir ..... tiOIl,,1 <"1,,,,,&,,,,,1 ... 
t rihu t (~l to ,"('loc'ily mri" tiolls a", i&nor~~[ 
:"'gular f~""I" ill 3~. ,;e;,;rnic my" will ollly he tra ,..,li"" through" ",axi"",,,, 
Figure 5.2 ,!Jow,; II", ,,,,,, It ,,nl ray pat.h.~ Ihro"gh .. 25OJrn/s slllo;mfacc 
tl'Ossl"Iated "phere of radi,," 100m l"Ou,isl.iug of 80 Iri""g"l .. , f,,("('ls. Sources 
.. re shown in red and rec'eh'ers in sr<'''I1 . There "''' 3 "Ollfee "nd , ...... ,i\"('r 
Ih<) hOr<'hol" a"d I.h"I' "long th<> po;ili,'., x-,uis "tarliug at.l' = 100m, Thl.' 
sonrcc and ,<xciver conli""",lion< shown wil l t..... lIs<·d for "II of lit,· ,,,\.0;(0(1,,,,,,1 
"xa'"pil"s ill\uh'ing 3D Il1ltnerically deli", .. J "",faI"CS. The inter<f'<'lion poiH1~ 
ror each ray wpre 1i"'1 cak"latf'(\. ,Xe>::t , Ih~ di,(aHCt"S ror ..... pomliug 10 Ih,. 
hQt;t rock alld til(' depOllit ,,'ert' deterllliJl(~l a]J(1 bnl"'~I"elllly Illllltiplif'( l hy 
Ihe nppropriaw vdocity in ord," to drler",ine Ihe l ra."ei lin'" for <'ach raj 
(Fig",,, ~_:.l) (g",. App.-'udix G) 
There am uo doubt man)' iu,ta"~~,, for which the st raight. rayapproxi_ 
Illation ",,,y nn!, he AppropriAk nor dc;i ... :d , B<>fore abandonillg the for""",,d 
problelll all together a ~U"I}le of App"M.d"" 10 rAy trACing, namely tl", ,hool,-
iug ",,,,hod "",I Ih" min i mi~."lion of ,r~,'eI tilile. " 'ill l.>c discussed although 
the'), Iwm't l.>c.IbL-uill Ihciu'".".,prohl,.m. 
5. 2.1 S hoot in g M et hod 
Figure 5.4 , howb lUI illmlllillg ray (marh. l l ) otriki llg ... "HrfaN' wil h llOfllHIl 
N, Th" ineid",,1 ray m~kffl "u angle 0; (t he m,yie of mCldw~) with II,," 
"urfae(, 1l01lJlal. The t,rul"mitt~'(1 ray T lIl"k,,, an A"gl" 0, (I )", a,,,,lr of 
,."fmelwn) wilh the ren~'Cll-U normal. The iuci,lent ray. normal and rdracted 
r"yallli ... in Ih ... ""m ... pi""" (GllI.ssller. 1989) Th"",]uation rdating tl, ... a"gl,,, 
of th" illCidcllt aud tt<ll.,;llliu",] ray is ... "Iht SndL. lAw 
siu(lh) = 'iu(/12) 
~l I', 
0·1) 
",hlT" c', is t l .. ' \·elocit.yof lllf'<)jlll"1 mod l'1isthe\"Ck .. :ityuf'"l~liu", 2 
Th".,ho"tillg-method i""nikrnti,",· pI"O<"",j", .. , that ll." .. st,mdardi,,;tial· 
yalue ray tracing to sol\'e a honnd,uY-\'al"" ray \ m(;ill~ pwhkm (C""''''i 
20(1). Th" "hooting method i" ideal for situat ions in ",hid, """ ",~"I to 
v 
Fig"re 5.3: ASI!OJ<'illl<'<:1 t rowel_tim" for Fig"'{' 5.2 ()rgani,,~l ",,(n,din),; to 
SOll rr.;hor{'hol" 
find rays from" lIoin! "om"" 10" ",'ri,,,, of "",ie,,,," distribllt ~'(l r('gularl~' or 
im~lIl"rly ill so"" : r<~i()n alollgl h,'snrfac('of the cMthor vcrticnlly ill" 
.. dlcn ill " borehole) "utside the RWOII of rcci",-crs. Upon ellcoullh 'l' illg all 
inl('rrfl(',,,,,,,yd ir('(;tio,,, .. I,,h,,ng,~d,,,,towlocityv"riatiolls{"'nhccnlc\1h\tl~1 
quickly and siml.ly using Equat;,," [d . The t"kt~()ff Hllgle is then , 'nri"d 










Figure 5.4: Th" I\'~)]"dry of trru""ui",;ion (Aft.<:r Gl a.;;",n<:r, 1989) 
5 .2.2 Min inliznt ioll of 'fravel-time 
fenrwt's /In/wiple st~t..,,; ,hat, ... ""W" willI'''''' a raypath for which til{' lI'a\'~I-
tinl<' i" t ationAQ'with rcsp • ..,t to mjnOT va,iatiolls of Ihe 'aYl'alh (ShNiff& 
Cddart, 199.~). For mot;! "it",,(io,"l. this rIIypath is (h~ one thAt ",>qn;" .. 
th<,I<',,,,1 timt' (Sh",ilf &, G,-ldA''- 19(5). Sneir. law, Hny&<'lls prill";p]" 
ami m"uy other bws of goolue(rkal optic>; ~an he d,'ri\1~1 fwm this prill<'iple 
p"th.s oflight/""i sn l i (,('Il~rK'>· trawl ing in it hOIH<Jgc!looUS IlIL~I;lIl1J al'c~tmighl, 
Ii",,,,. a" Il~lraight line i" thc shorte;t diSH"'''''' l"'t"'1'<''' l,wo point,; 
Fhllowinp;('h""de'(l!l7t»).ldP, toPn+1 ill Figure 5.G lie Lio{'('OlIs''ClIti\1' 
yc,tiC't-'Ilofan:fracted S('ismicrlOY with P , rCl'fI"","tilgthcbOllr<""mi 1'." 
e "''f.---
" 
T.he r<:cpiver. Let (X,.y, .z,).wherei ~ I. . 1l+ 1.lJ.eth~tuof(li"atl'"ofthc".., 
,'ertict", rChpu:ti vdy. Th" t rawl tim" 1, nlo]),.; Ill<' ray i~ Iliwn hy ' 
t= ~[(r, _ :r,,)2 + (y, _ y, , )1 + 
whprp v, (i ~ I, n+ l) is TI\P ('("'81""( w loc ity 1.><:(""('(' 11 inl.erfaCffi W,_, 
to IF; (i _ 2 11+1), III order to uckr", ;u" tlw path a my will take, "" 
!Ilinimiw Eq""tion 5.2 (," per F"rmat 's pri nciple). Th,, ~()ordi n"t."" (x" y,. 
Id and (X~+l . )'"+1. ~ntd of the >ourre ami reco:;\'e] HlllSl bt· kUOWll ill onb 
tu~nnu;,;fully Ua"" "ray. Thi~optillliza ti()ll problem is nOllli ll"'" Ilnd mllst 
Loc ron,trained loy the fact thnt cach refraction poiut lies solll~wh"r" 011 th~ 
"nrf~ of the illtcrf~ through which it i~ tru,·diug. Th" lIIiuiu,ilatioll pro--
<"<'(luI"<.' "'a.s created and carrif'<:1 Ollt ill !I!Athemati cflllsing Newtou's ~1('th(l(1 
(~ l llthclII"ti~a. 2{()5) (S<'<J ,\pp.·ndix G). 
Figure 5 .6: Sd'''lIIatic<iiagr''lII sioowiug" refracted my tw,"cling Loct" .... ,,, 
OOllrl'1: 1\ : .. ,,1 reed"cr P~ +l - P, to p~ "re intC"'~ni"g wnice-; 11111111>1'".1 in 
ord<'r a.~ <'''<'Ollnl~red wlwil pr<:>l'ee(ling along fh~ ray from 00"'('(' to "",ivcr. 
l F1. 1F1, . I F~ am plane intcrfaC<)ll""'parat ;ng ia)l'''' "fconstant wlocity. 
\\'ea("{';lIt"rcste.-:lilltracillgmy"through ~IlL-.;urfoc<:or"dep'lb;t" ill"rd"r 
tod"lerH,in~ ff!,wllimo:>s wh ich can l>l'im'crtt'<1 to gin .. informati"n0l11he 
dcp.::...it'Sblrucluraloriclllalioll mId phy~ieaJ pro]",rli{'Il. T hcsedcp""il.><CIIII 
"I""""llat~~lsphcre. Tcs..,llatillg" complex JOsha]", sigllilicalltlrdl"("fca""" 
th~ ('(Jmplcxily of thp Ol'timiUltion pr<)('(~ture a.~ W" an' I raring nlY" Ihrough 
plane" and not cn,,·<.'<1 inl'~rfa,,,,,, 
ThefnllraylraC"ingprohlcmforalcs""llal,xlsplwr .. invol",s lirsl chousing 
"~;lIgJe tri"ugn lar fan>!. at raudom_ This faCN is th""]"'i,,~1 with on,'of Ihe 
"'m"iniug facels ane! a ray is tra~"d through both for a sp""ili~~1 ","m" 
ane! n'O~i'~r ]>Oliliou hy minimizing the 1",,",'1 lim,' ill "n anaJog","~ mmmer 
10 tlml ofC}"lIIder (1975) d{'S('rib<.'<1 abow'_ The ,,,;,,i,"izalioll prOC<'(h,re is 
ill 1'.lal1,,0(1'.I:'llao, 20(5) (Sc.:f\pp<'udix G). It was Ihcndclcnu iue<:1 iflhc 
SUOOI'"'nt rdraction point., for Ill" "",ulting ray act""lly I .. y withill lhe 
chOl.1bClltriaugular ["'-'t.1s. iflhiswaslhcease.lhctra,·cJ tilnc W,IS "'1'0...-1<.'<1 
and a n .. w iuilial triangul .. r fa,,,,1 WI'" ,,11.....,n so that thc pr<>t"U<l< ~"Ould be 
r~p.'a!('(1 for anOlher ray. lIowewr. if th" rdmclion ])()illl~ happen~~1 not 10 
Ii,· within ci t her of thp triangular fa<'<'IS, the ".,.,.,ud o,,,~ would he di..,,,,,kd 
a"d a new onechosclI lIlIt iJ " "uitabl" "'atclI w,'" [olllld 
,\num]wr ofbonndarycondilion"h"dto]I<)implenlentl'dillorderw('11-
Snre each ra)' belm\'L~1 as ill1 CIl,hl. Filbl. in,wad of refracling through 'he 
(Figur .. ;'.7). Siu~~~ th ... minill,izatioll algorithm WM ollly progfllll",,,~1 to 
cout!'ml with" ll,aXimlllu of t"" iu!<'rf,u.~"'. d""", ra)"" "we allo"l~1 to pll."O:! 
through a third i"terface ,,"aff'~·h~l. To p"'w,,t this frolll happ ... "in!,;, ,'wr} 
r8}"w".~forcedto,'nt"r"racd i"lheopp<:o<it<,dir<:Clio"ofil..;oU1.warduorm,,1 
m,d leave ill th ... same direction. :"Iext. a method h"d to I .... dcvi",-~l to cn,;urc 
th"t each refract,o" point did i"d''l"(lli ... w,thiu th .. "pccifi~"(ltrillu!'.ularplaue. 
T his WM!\('l"()lIlpli,h("(1 by cOlllpariug the ar,';, of the spe.:i fi ("(l triangl"('\T) 
with thecombi,,~"(1 "r",,"orthe three tr i''''glC!< fo,"","(1 by drawing" lin!" from 
('ad, ,'wt("x to tlo ... !"<.'frllction poim (A, +A, +AJ ) (Figure 5,8). Only wh~" 
th,,.., two val",,,, "'"'' , ~quill wo" ld the rdraction I)oint I", 'lCO'pt,~ IIl.~ .",,1. 
I ~ 
Figu re 5.7: Lell: ~"J(m"plc of a critimlly refmct~"(l ray being 1"""i,,& through 
a thirilillkl'f, .. · .. "naff ... ·t..,1 III~ht : '·xaml'l.'<.f"rdl."l"lra\'I';~"""')':lhr""l':h 
Il1hi.,1 int crfa<'c "naff<'Ct<"(1. 
Th ... first "t!<'mpt at traci ng mys throllgh Figurc;'. l , alth""ghsIlIT<'SS-
[ul, proved too COl UPlltllti"Ulllly "X1",,,si,,,, (Oil the order of 0I;J,2((I ,.,'c()",i~ 
or t"'eke 1I0u," 0" "sl""dard I.8JGlIz Jut,,) Core Z Ddllaptol'), Tloe ,,,a-
jori!)" of lhis ti",,~ w,~~ s1",n!, minimizing 11,,~ trawl tiu,,' I,,~tw'~'n ""s,,<u,,,flll 
fr>eet pairs. In order w recti fy t his problem, T.he ra)'trwin)';algorithm w,~< 
pw\'i(hl with illiti,,] L'Htillwt"" uf wrrL'd fal'l't pHirs, T hl"'" co.tilHal.<-'H Wl're 
ubtailll'd by first trar;in~" ray t luungh a sphere uf eqnal oJianJeter (Fi~nre 
,~.!)} (S.~, Appmdix G). The lHilli!llizatioll al!',uritlull SCardl(xl the tfi,Ul!',ular 
fa.L.:ts SUHOUH<liug the initial l"hlilIwte llulilaillatch ,,·asfound. Hy pro\' i<l-
(Bpproximately 7000 Sff"Ondsor j ust 1",,< Than 2 hours) . T he r"""ham. ray 
pat h" throu~h th~ tl""",lhleoJ ,pher~ for mlluerous SOurce and n:ci~wr p"i", 
"re shown;n F'i)';nre5.tll 
The ray p"lhs throughthetl~llated"pherl'8hown inl'igure5.1 ()do 
not pr<~:;";'']y corf<,,;polld to th""" through" "plwre UfL~jlml <limllet"r. The 
le>sella ti on Ca,USffl a deviation from n t r,, ~"ph~ricn l sil ap<' rr;;ult,;llgillsli),;ht ly 
decrease the dif(erellee ill ray paths a<:~ordi!l~ly but will !lot have a major 
y(m) ·200 .200 K(m) 
. ' igure 5.9: n,,.;nltant my pmhs through a ~pher" eqnal ia diameter to the 
t,,,,,,,latl,1 sph"re shown in FiR'lTe ;'.1. The refractioa pointdof th""" rays 
wcre1L';ol"siniti"I,};timatcsfortracin"rayslhmnghat<"""Il"ll,l~I,hen·of 
'~n,,1 dialllet<~r . The source:! a,,~ shown in ,,~I and the "~i",,,, in ",,~'u 
"ff<)<:t OIl th ... ,,~u l1 < "btaiued 
To rci t ... rat .... lhis approru:;h to th" my lr""iu" was not u",xl ror the ill 
''''''"ioll ill lhi.~ t h""isa::! il prowd too tim,> Nlusnlllin". Instead . th ... forward 
problcmwlISsilllplifil,lbYlISslIIuingallraystrawl"liu1tstmighlliuefrOm 
y(m) x(m) 
Figure 5.10: ncsllhallt ray lJ>l1los Ilil'<)lIgli a l"""",narlXl sphere of radius 
lOOm"nd ('(msiSlingof 128n rriangular r"""tsnsinglhcinilial e,;t imate,"ot>-
t!lined hl' "acing rays through" sph"re of ~~II",1 di"",eter. The SOnTl":>! an.' 
shown in Tl~l nnd the Tl'l..,ivers in grl..," 




Fig ure 5. \ 1: Compllri:son oftl", trawl t imes of ray 1",t\.,; through ,,(~l_ 
!1I~1 spher~ (~r(l!\.o;es) lind "sphere (circles) ofl'(lua! rad ius. I3ol"('ho!" #1 
Bord,o!(' #111" d &'I"('hol.) #;1 rorrc"Hpoud W all ray llllth:; in,u!\"ing ,,:;oure,> 
loca t.cd a t x=·/r;o,x=o li nd x=I;iIJ. n"Hl><.di \"l"iy 
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5.3 Minimum Structure Inve rs ion or a N u-
merically Defined Surrace Model 
5.3 .1 M ca<;urc!S of Model Structurc 
The solution to dl\" in' ... ·rsc prohl .. ", ill Ih" ..... di "'Cl~~io,,~ will follow tl", min· 
i"nllll slructllre method o\l lli",~1 ill Ch"pl ~'T <I for 2D moddl!. The major 
,lilfpr< ·" ... ·wi lll»·illll"in):~D, 'llIi\"al.·"I' t"th,,2 I) a,..·".I»-ri"",1,.r", .. l t ,,!,,1 
disinlll"C f,om e"eh vertex to Ihe objC<."t·" ~..,lItroid. 
The perimet.·, wi ll II0Vo" be,lcfined as the "HI" of the peru",·1erof .. :u:h 
t,iallgllla, f"" ..... ami can be wriltClIlIllIlll'rically as follow~ 
P, = ~(((.r2 .rtl2+(.'h_y,}2+(~2 _ c,}2)1f'l+((.r, .r.)' + (1/3 (f>.3) 
-1/1)' + (~, - :,)')'/' + ((.r, - h)' + (y, - y;)' + ( 1 - cJ)')lf'l)" 
wlt.·,e 1 repr<'l;('''t~Slll.o;eo:ll[l·m [rillngll]''' fMets 
The centroid C of a ~D object made up of a <:o\I('('tio" of N Iri,mgnJar 
flli'<.'" wit h \1'rli",,,, (Il,.b,.r,) ""1l II<' wrilt,·" ,~~ (BlIrke, 1!J88) 
L~-l A R, 
i:.~~l ~, . (5..1) 
R, i, the a\'erage of the ,wtiet.,; of the nh [tIC(' ,,,,d i ~ gh'p" h)' (Burk". 1!J88) 
(a,+b, + c, ) 
--,- . (5.5) 
A ; is twice the a~a of the i·th face a",l can be written as (Burke. \988) 
II(b; - a,) x (c-, - a,) II. (5.6) 
Th,~ ~\lm of a ll Ih,~ dista"",,,, from each ,,"ftex 10 the ",·"froid fOf" :ID shape 
lIIooeup of,'OUCCliollof Nlriangular f","(\Se"ubt' "·ritteugeIiNally",, 
The l>l"allelogr<lJII dct'·Tl ni uld by the ' ·CCtOI1l II and v has bfLS<' l~"gl lo 
Ilvll a",jaltitude Il u llsi ll //(Figll re5.12)(Nicholso".2003). llcucct hearcaof 
a parallelogram fOfmO)(I by n a",j v is 
(1I uli sin//)lIvll = IIU )( vII· (5.8) 
Thea .... ·a ofa fri1uoglcishal flit{·arcaof" l>arall ... logm'"dc1f'rmillO)(Ibylhes(' 
H"CtO'" " lid isgi",u by 
(5.9) 
III' err""of a",,,as ure of u,,,,Ie! structl U"'.lireare,,,,forewhlriallj(1I1arf,,,,,,t 
will I .. 'snllull'xl ,~~ follows 
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(~o.IO) 
Figu r" 5.12: The n'Cto,.,. u and v form ",lja""llt side" of a pamlldo!,~ra"o 
(AfH"r Nidoolson.2OOJ) 
5.3.2 I terative Solution P roCI;.'"(lufc 
The gradic,,! mod Hes"i"" of the totru l"'riUlcler. P,. the to\,,1 ",""a. 11,. "",I 
thp toto!.! dista"ce from each ",flex to Ih" ",·ntroid. C,. we,"" again calcul"h~1 
using.\lat/ab{lI l"tlah. 2(105) (5c<J.'\pp,·ndix Il ) (Set,S. ... tio".I..! .2) 
Th~sohn.ion lothe im'en;<.· probl~", can beobtain<Xl hy sulo;lituling Ih,· 
"ppropriatc grailic(J\..' a"d lIessia"sfor the 3D Cascillto DIU"liolO '1.". The 
modd p!lramel~"" . Ill , i,..ing soug 'ht in 110 .. ;",· .. ,.,.ion a ... • the.r. y and : 
coordin"t ("!< of each '-crlex a.-; weIl as (I", \"(~Ioc ity of the hoot roc'k and 0,"" 
deposit. Again, rays arc """",,,~~I to go su"ig!ht from soun.., to m::icver 
reg!lfdl<:'SSof \'docity "ar;"Iions 
Oncm"j()rdrawlll~;kt()thisit"rat iv"",()I,,ti()n proctxlurc ;';Wlllputa t i()ll 
tim". Th" ill"cn;ioll ofalllodclUtd)"l"Ulll piex>!CtofdataforavdocitYlllodei 
consist ing of ~O T.ri~ng\ll"r f~("Ct~ took approximately:ro d"y~ on a stm"I"l"(i 
l$lClh Intel Cor" 2 D .. n lapt.op. Whil" this pro",,] fn~'t r;".i llg. it hwlllll 
5.3.3 Result s 
l-liuilllizillg t he t.()tal perillletcr. the w taj a..eamld th(' total di,tam. ·.. ·froln 
,'~ph ypr!<'x to t I", p"nt.roid Im"I\1""" an annmaIO\~~ region whid, ;,; simihr in 
size and pooition to that of t he syntl":ti c modd (l' i g\lre" . I ~) . T his f"<)mbi-
n"tion of regnlari;mtioll pammctcrs w,," \1001 in t h" initi"l illn.'rsion atkmpt 
as t hey wCre the Illoot s\1~ees',[lll ill t he 2D ca<IC (&'C Clwpt<:r 4), Tit" illiti,,1 
input "doci ty !llo<lrl is ShOWll ill Fil\ure " . ~ . T he w l()("il i"" oftl", dr]l<:.;it 
uml thc' hoot n ..... k c'ule\1btL~1 (or p[l.,Jidc~l) by t he ill\'I'rsioll "Wt' 2",,9 m/s 
and 1OO:1111/~, no;po,tiwly. T his ~()[ru;pollds quit" wen to th~ "Yllthetie (or 
obsen('d) , elocitie; of 2500 m/s for t he dPl)(lO'it, ,,"d ~'OOO mj~ for 1 hp hOOI, 
rock. T he fi t of the predicted dat" to the synthetic' oi>serH'd data is oa t -
i"fwl.Ory. T he N>m~,"g('nc" '"'l"\~''' the total pCril1lC!er. the total tIrca 
alltlthe t otn l dist !ll1("<;fro",ea('hverlextuther<:n t roi d)~m'wll- l",ha\"('(1 i n 
t hat 1,hey , how" slll()()th ste,,,ly dcuea.,;,.'. Whik· thc (,Ollotrll(ted [[[odd does 
a.PP('M to ha,'e" bit of an ~xt"" P1Jr\'!' J,o it as comp""'fl "ith it" ~Yllth"li( 
In order (.() pr<>p"rly in""'tigak the '1uality of the ,,'!mlt deta ik~1 aw,·c 
.: 
~ ~i'- '-:\-" '-) , .. 
- " I 





Anrl tl", m~rit of th" inn'"ion pro",~lnr", it lllllst he <:<llnl};lR,1 to illl inwr,ioll 
without H'!',lliarizatioll. Thi" appw""h docs llOt i!]wh'c the millimiwtiOll of 
any measur.,; of model 81 rnC1.\lfP anrl "mploys only a simpl" minimization of 
thp misfi t. b~t "wn th~ ol>9?f\'~fl'(i An d prpd ir t r<i dM" (E'l""tion 2 . 1~) . AI· 
ter 50 itcm1.ious th" '.\' lltheticmOlld appealO irregular (l'igure5.14). L'pon 
d""", inspo:tioll . the anolllolo,," regioll ha; ad ually flipped inside (Jut (JII 
it.",lf (Figu", .~ ,1 5). Also, two of the ~')]"""gcIKe eurn," (the total perimetel 
""d thp to tal Al"f'a) Ar~ inNNlsingwhilfl thponf'lor t he total distal"-.' from 
ularit} and j "~l~hll'" (Jf the n .,, 1I11311t vdoci ty model. This mJllh, hdps p,, ' 
l)('l1 f'f than if norpgnlarizationhad,,.,'n llSul. 
For <'ompictlll'bO. Figure 5, l{i shows the exact Sltmp min imum strnN,u,,' 
illwrsioll <'XN'pl, thc hackgrOlllld (Ol hOht rock) vdot:ily is nO IOllger a ."odel 
p"mrnptpr ""ing songll'" "" d is instead known, .\Iul'h of t he computation 
t ilflcisspen t deterrlli ni llg tj, p hoo t rO<'kwlO<"il,yand in .. ,,'al-'H>r'd gmlog-
ie .. l ';"I.ling it lIl"Y l~ ]>o;;si"Ie to dcterlllinc this , ... Inc prior to colllpleting 
m~rkahi". Th~ misfil, ])('twf'<'n the I'rcdicl.Cd a"d ob",,,,-,I data appears to 0., 
slll all~rd"ewallat!",.basli "f . T hi.illusion is dllP to thpfan. that agrcat('r 
1H lflllwrof m.'""1'''''" lhrollgh titeitu;trO<"k than t h"""OlllAio"srcgion. 
'~l 
~~'(!'/ ,f 'i' 
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Figure 5. 15: C10!Je up of rlie rc!;ul1allt "docit)' m()(I~1 from F'igur~ 5_1 ·1(!» 
The area wliere tlie triansular fat-cts Hipped insidt~o"t is circhl itl red 
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I'he pr('Q'<.]iug thesis applioo a minimum 8trllCtUl"(' itl\wsion to " mO<lel 
p"mllj~lril,,->d loy a llUlllcritally Jefi lled surf.\Ct' in ho(h two and Ih r"" <li-
illWlbioll . III order to prc\un the burfaox fwm luruing ilJs iJcOllt, npproprial (' 
nwit''''''' of m()(lri st.rnN,uF<' \wrn eh""""", T hese n~lllmilatioll punllllelelb 
illduded the j){'ri ruNer. the area and th e SII'" of Ih .. di",all~"" from ('Heh 
\WWX to Ihp m()(IP]~' ~"ll1.Pr . Th,' ",,"it;ug 20 inwrsion was "mllparol to 
hothaJli, audllOll- I,HlinimuIllSlruct urc iu\'('rsiollofa tmdit ional,'oxellat"'! 
)..[odds ohtajmxl ,~,i]jl': tmditi,Jljal ilHpkmeIltarioJls uf luiuimuIII · , ltlICt.llre 
SlI r", of mO<i<:l 81,rWT.urf' illsl~nd of thr tnv lilioual snm-of' '''lU,.",>i, lOr I,-I.I'P" 
mea,"w. Thiogeuerall'!;3 1ll0re blocxy and pie<:ewjS<'COtlstHnT ""nhlHolj,>1 
""rfa",alldWlld1<>Slll('ar,,10llgthedi[C<;ti0110fdata('ojlL~tiOlJ 
8.11 accep8.tabl~ fortn of "'od~1 par""' ~t rizal ion _ fkg" l"ting l_h~ inv~"lion by 
"siug ",,,,,"un,,; of mo,ld "trudnrc allow" for" rob"" t ami rdi~ble algorit lllll 
th~t preforms iJ<:tter th~11 its l1oll-ro:gll lat('(1 roUlJ1Rrpart _ l'h~ f""uhs "r~ 
morf' rol"i ~!,~nT with om ,val or p"f('i('w(1 knnwhigl' of 1.l", s tlh;;nrf""e a]J(i 
do not I",,"e t.he ftl"zy, ~lll"aR,i- out "pp""rell~e typicai of traditional ~dluhlJ 
Inoods tlsingStllll ofsquart1lllleaslires 
As the pr imary inter",,\. of th is Ihesis is "'OIipl parmlldri7.alio)l "" iI, "1>-
pli,,; 10 th" inwrsinll prouxl"re, hUlh th" forward and im-clbC problelll" were 
simplifi( '(ihy ",,,nning a "Irai)\hl ravl'"l h fWlllS<"Il"<' I_" ,.", -j <"'( ". I'L(,nlo ·r 
10 bett N \lnd~rst all(l M wt'l l as "' ;m ; ~ t.h~ ,,/fPCt w l()('i!y variAtion h"" on t.h" 
iu,-er,iO!L procedu l"(', future stlld iesshould incorporn tf'ray I.hmrv i1llothe 
algoritlllll. 
l' here is Ihe pot (,TL li~1 for widespread nSl:of rh is i",..-",inn pf()('('(lnrp hy 
Iweakin); how the "urf"c~ i~ nU llleric>!lly d~fined_ Pa",l1 ll ~t ri.ing ~ 1l\00ipl n"in ~ 
spheric,.:! harmonics. for CxalllPk, ,,-ouIoJ nllow for ~ more smoothly "aryillg 
l'hp ill\"f'rsion pfON'<I" r<' ("(mid th"l1 II" Hppl i(~l to" Ilmdl wider \"ariety of 
gL'<Jlogical "ilualioll~ 
Filla]]y. the thesi" "how~~i that all i ll,-cr~ioll for" shaqxH"(iged, COtlStam. 
allol11aly (joel" betT <:r joh I"f'C()wrinll "yml]('1.i~ da!.l1frolll l1"harp. "uifortll 
"nl "'l1rf.\(~, fe"tllr~ thau a JlIiuiulU]jj-~I",d urc tomographic appl'OIICh_ T hp 
oYlll lwtic dala """ ... 1 is ronsistelll with til(' a~l \lal ll",,]oIlY of "n 01''' dqx",i!. 
inwrsioll tool that out -I""fOllllS its tradiational ~oullklpm\.l<. 
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